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FOREWORD

This report has been prepared by the Baltimore Division of the
h - Martin Company, a division of the Martin Marietta Corporation, in

partial fulfillment of the requirements of Contract NAS 8-11903,

dated 15 February 1965. | . J
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ABSTRACT

This report covers the Head to Head tests done on the
Saturn V Hydrodynamic Support at Martin-Baltimore during the .
period from 1 August to 6 October 1965. Included are descrip-

tions of the specimens, procedures, and results of the tests

‘conducted during this period.
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The purpose of the test program reported herein was twofold:

SUMMARY

xii

First,

to demonstrate compliance with certain performance requirements specified

contractually, and second, to generate data for comparison with the math-

ematical model.

The characteristics to be demonstrated, the specified

values and the test results are summarized in tabular form below.

Characteristic

Operating Range

Spring Rate

Bearing Surface
Misalignment

ﬁoving Mass

Damping Constant

Specified Value

Raise 3 in.
Operate +1 in. vertical
E} in. lateral

Bounce frequency 0.6
cps with heavy vehicle,
5 to 1 adjustment in
spring rate

2 minute misalignment
angle under maximum
eccentric load

Vertical Mass & 16,000
1b/support

Effective Mass £ 5,000
lb/support

Lateral:
2.0 1b sec/in.,
light vehicle

3.2 1b sec/in.,
heavy vehicle

Vertical:
Can be made positive
under all conditions

Test Result

Successfully
demonstrated

Minimum spring
rate successfully
demonstrated

Test stand deflections
obscured results

Successfully
demonstrated

Successfully demon-
strated within the
limits of the test
stand configuration

Total damping can be
limited to the piston
viscous damping which

2h 1b sec/in., 1 cps ) heavy 1is 30 1b sec/in.
40 1b sec/in., .5 cps) vehicle
15 1b sec/in., light vehicle

Local Resonances

None below 20 cps Successfully demonstrated

Bearing Redundancy Bearings to operate
when 1/2 of the flow
control valves are
inoperable.

Successfully demonstrated
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In summary, it can be stated that the hydrodynamic support per-.
formed in a predictable manner and in accordance with the analytical
model. The only exceptions to the foregoing statement are that the
flat bearing gaps under high load were less than predicted, and the
pisfon viscous damping during vertical motion was higher than predi-
cated. Various tests were performed in an attempt to isolate the
source of these discrepancies but they were not found. It is believed,
however, that the hydrodynamic support can be fully utilized to serve
its intended purpose.

The details of the test program including the instrumentation
utilized, the test procedures employed aﬁd the results obtained are
reported herein. Also included herein are the details of any changes
in components, design detalls or procedures which were required:in

order to successfully complete the program.
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I, INTRODUCTION

The Hydrodynamic Support provides a six degree-of-freedom system
for dynamic testing of the Saturn V. The system consists primruy.ot
four pedestals and as‘aoeiated fiuld and electrical supplies and cont .'

The Saturn V in its heaviest configuration weighs about 7.2 x 106 1b
or 1.8 x 106 1b per support. To prove the design of the supports for
design assurance and compliance with design spgc:l.ﬁcations before a
vehicle was available, it was necessary to simulate the bearing loads
associated with the various Saturn configurations. Since proving the
design with a weight this large was not a realistic solution, another
method of producing ‘a large bearing load had to be found. The aolution
was to place two supports in a rigld framevork and let them push against
each other to produce the desired bearing load. The check of design
assurance and design specifications on the Hydrodynamic Supports was
accomplished in this Head-to-Head configuration.

The four piston-cylinders and associated hydraulic, pneumatic and

electrical systems have been tested in the Head-to-Head Tests. The

Head -to-Head Tests can be divided into six broad categories:
1. Design Assurance Tests
2. Vibration Surveys
3. Cylinder Supply Panel Tests
k, Static Piston Characteristics

5« Damping Tests
6. Miscellaneous Testing

The testing was conducted in two sets. The first set consisted of
Units 1 and 2 and the second set consisted of Units 3 and 4. Units 1

and 3 were the upper assemblies.
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Sixty-nine test conditions in all six categories were tested on '

Set #1 during the period of 8-1 through 9-2-65. Sixty-four test con-
ditions in categories 1, 4, 5 and 6 were tested on Set #2 during the
period 9-8 through 9-26. Also individual vertical and rotational

damping tests were conducted on piston cylinder #5 on 10-6-65.

.

II. DESCRIPTION OF SPECIMERS

Two piston cylinder assemblies (Ref. 1) were installed in the
Head-to-Head Test Stand (Ref. 2) utilizing the production hydraulic
supply system, operating console, and a majority of the production com-
ponents of this system (Refs. 3 through 8). Two overall vvi.eu of the
Head -to-Head installation are givem in Fig. II-1 and Fig. II-2. The

operating console is shown in Fig. II-3.

Figure II-4 shows a schematic of a hydraulic suppbrt unit providing

s8ix degrees of freedom. In the Head-to-Head testing the upper assembly

spherical bearing was locked to the flat bearing thus preventing rotation.

The stem connecting the upper and lower assemblies was guided by rollers
in one translational direction and restrained Sy sprir;gs in the second
horizontal translation direction (Fig. II-5).

The supply lines feeding the bearings and capillary seal were
éonstructed to approximate the longest test site line runs on the bottom
piston assembly (Unit 2 on Set #1 and Unit 4 on Set #2) and the shortest
test site line runs on the upper piston assembly (Unit 1 on Set #1 and
Unit 3 on Set #2). ‘

ER-14036
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III. TEST REQUIREMENTS -

The Head -to-Bead Test feq,nirenents are set forth in the Head-to-
Head Test Specification (88A4100403 ) which 1s incluled as Appendix I.
This specification covers the testing of both sets of piston and
cylinders with the exception that the only requirement for testing om

the second set was to demonstrate their functional operation.

IV, TEST DESCRIPTION SUMMARY

A. SUMMARY OF TESTS

To implement the test requirements a detailed test procedure wvas
written (Ref. 9) to serve as a gulde during the Head-to-Head testing.
The first set was to be tested for all the requirements and the second
set vas Just to be functionally checked. Because of problems aléng the
way this plan had to be revised. Some additional tests were added to
both sets and some of the tests planned for the first test were de-
‘“"'s‘;. unsil the second get, These problems will be discussed in detail
ﬁnder the Discussion and Results section of this report.

The tests can be broken into six main divisions and then subdivided.
The tests conducted on both sets are listed below using this breakdown.

Some tests were repeated, but these are not included in the following

listing.
No. of Tests Conducted
St fi st
a., Design Assurance
(1) Piston Cylinder Gap and Bearing Gaps 10
(2) ﬁearing Redundancy and Separation &
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Design Assurance (Continued) : :
: No. of Tests Conducted

Ce

d.

t.

| “Set i set e

(3) Atr Spring Loss o 1
(4) Floating Procedure 0 1
(5) Operating Range 6 2
(6) Sink Rate 2 2
(7) Eccentric Loading 1 (]
Vibrdtion Surveys

(1) Lateral 1 0
(2) Vertical 1 0

Cylinder Supply Panel
(1) Kq Breadboard Tests
(2) Systenm Kq Tests

(3) System Component Tests

Static Piston Characteristics
Damping
(1) BHead-to-Head

(a) Lateral

(v) Vertical
(2) Unit Tests

(a) Vertical and Rotational
Miscellaneous Testing
(1) ovality

(2) Temperature Investigation

ER-14036

12 - doni in Laboratory

9
3

10

15

0
o

36




9

A sumeary of all tests conducted on Set #1 and Set #2 is given in
~Table IV-A-l1. This table is divided into six main divisions like the
1isting above.

A summary list of the measurewments taken for each type of test is
given in Table IV-A-2. The general location of the mfmntqtion is
also given on this table. Specific 1nstrumnt§tion locations will de
discussed in the Instrumentation Section and Results Section .

B. INSTRUMENTATION

The measurements taken during the Head-to-Head tests included dis-
placemsnts, gaps, temperatures, flows, accelerations, forces, pressures,
and phase. Instrumentation locations are given on Table IV-A-2. A
block diagram of the overall system instrumentation is given on Fig. IV B-l
and a photograph 'of the recording equipment is given in PFig. IV-B.2,

Detail block diagrams of the conditioning equipment for displacement,
.gaps, and temperatures are given in Figs. IV-B-3, IV-B-%, and IV-B-S.

Pp's = as__ &

isplacement potentio-

Because of possible physical damags o the production
meter, during some tests the potentiometer was secured to the vibration
support stand with the stem riding on the lower piston top. This installa-
tion was used on nearly all the vertical damping tests and is shown on
Fig. IV-B-6. This figure also shows some of the flat and spherical bearing
gap measurement installations. _

The inlet oil temperature to the capillary seal for both pistons and
the return oil temperature were recorded during most of the tests. These

temperature locations are shown schematically on Table IV-A-2 and

ER-14036



Figures IV-B- and IV-B-8 shov the installation of Ty (inlet to lover
piston) and T3 (return). Tvo flows were monitored during the t«tuj.
These flows were FL, (lower cylinder capillary flov) and Fl, (upper
cylinder capillary flow). Fig. IV-B-7 shows where FL, vas installed.
Notice in this Figure the proximity of the flov transducer and the
temperature sensor., ,

Figure IV-B-9 shows the installation (on the lower flat and
spherical bearing) of the vertical and lateral acceleromsters used in
the vertical and lateral vibration surveys. Similar installations were
made on the lower piston and cylinder, A

All the pressure transducer geiwral locations are indicated on
Table IV-A-2, Of particular interest are the pressures and differential
pressures associated with the upper and lower cylinders (P9, P10, Poa,
Pyoa» Pgps Pyop :P9VEC'P10VEC)' Pressures Pg aud Py, monitored the total
lower and upper cylinder pressures respectively. In addition to the 1’9 .
transducer a pressure gage(ch) was also ﬁmte].led 40 monitor the lower
cylinder pressure (Fig. IV-B-7). P9A and PlOA were the differential
pressures obtained after nulling out the static values of P9 and Pyge
These differential pressures (P9A and PJ.OA) were generally recorded
during all the Static Piston Characteristic Tests and Vertical Damping
Tests .‘ Pressures P and P .

9D 10D
the Wianco Differential Transducers. These pressures (P@ and P].OD)

were the differential pressures from

vers used in the Static Piston Characteristic Tests on the second set
of piston-cylinders and P9D was used on the first set during Verticsl

Damping. The d_ifrerential pressures PlOVEC and P9V:Bc refor to the

ER-14036




pressures obtained with the Statham Differential Transducers. These
differential pressures were used during the Vertical Damping Tests of

the second set to obtain phase between the pressure and lower piston dis-
placement. Some of the above pressure and differential pressure trans-
ducer locations are identified om Figs. IV-B-10 and IV-B-ll.

The amount of damping in the system was determined, on the first set,
by measuring the phase angle between the upper cylinder presa\ire (Plon)
and the lower piston displacement. The phase angle was very small and
difficult to measure during the Vertical Damping Tests. The technique
for messuring small phase angles was furnished by Marshall Space F].:I.ght
Center (R-ASTR-F dated May 19, 1965). This technique vas checked out
and works extremely well under laboratory conditions. The application
of this phase measurement technique in the Head-to-Head Tests was diffi-
cult. Noise in the system, for example, tended to msk the results.
These problems are discussed in Section V of this report. The phase
measurerent instrumentation used on the first set is presented in block
diagram on Pig. IV-B-12.

Several improvements in the phase measuring instrumentation were
made prior to Vertical Damping Tests on the second set of piston-cylinders.
The block diagram of the phase instrumentation used on the second set is
given on Fig.' IV-B-13 and a photograph of the conditioning equipment 1is
given on Fig. IV-B-1k, In these tests the Statham differentﬁl pressure-
transducers were used and the balance network used with these pressure

transducers is given on Fig. IV-B-15.
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tests is somewhat erratic, probably because the cylinder and piston tem-
peratures had not fully stabilized. Data from the Static Piston Charac-
teristics and Vertical Damping tests is more consistent, probablyv becaﬁse
the system was operated continuously rof many hours during these tests,
assuring temperature stabilizatiom.

The capillary seal flow versus capillary seal length, at cdnata.nt pres-
sure, 1s shown in Figs. VA-5 and VA-6 for cylinders No. 2 and No. 4. This
data is from static flow and pistoun characteristices tests at capillary seal
lengths of 4, 6 and 8 in. The measured flow are compared to the theoretical
flow versus seal length relationship around a 6 in. length. The high pres-
gure curve is shown with and without correction for the thecretical gap
deflection. On the low pressure curve the correction is negligible ' -!.
Ref (10). The effect of the theoretical gap deflection is very small
and is less than the spread in the measured data. Generally, the measured
data was in agreement with the flow versus length theory but was not suf-
ficiently accurate to verify the derlectioﬁ theory.

All flow data is adjusted to the equivalent flow at an #verage oil
temperature of 105° F. This adjustment was made using the average of the
measured inlet and outlet oil temperatures and finding the equivalent oil
viscosity from a viscosity versus temperature curve (Fig. VA-T). The
equivalent flow equals the measured flow multiplied by the oil viscosity
at the average measured temperature, divided by the oil viscosity at
105° F.

The average oil temperaturesmeasured during the tests vere slightly

higher than 105° F at the high bearing loads and slightly lower than

ER 14036
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105°F at the low bearing loads. The temperature rise through the capillary
was approximately 12° F at the high bearing loads.

2. Bearing Gap Test

. The test objective vwas to verify proper- hydrt')static bearing operaﬁon
by mmingfresam'ea and gaps in the flat, sphérical and ring bearings.
The bearing supply flow control valves vefe to be readjusted, if required.

The :‘ht bearing pressures and gap versus load are shown in Fig. VA-8.
The recess pressure was not measured, but it was accurately calculated
from the load and the bearing geometry. The supply pressure which is the
pressure between the outlet of the supply flow control valves and the
inlet of the stabilizing orifices, should equal the recess pressure plus
a consi;:ant pressure drop of 400 psi across the stabilizing orifices. The
measured supply pressure, Pu, was in good agreement w:l.th_ the theoretical
" value. |
The flat bearing gap vas measured at tv§ places, 90° apart, on the

periphery of the bearing. The measured gap was in good agreement with

47t 1node

Y

v

4o Llhansead ut at the higher 1nada the can

the theoretical value at 1
was less than expecfed. Subsequent tests indicated that the flat bearing
gap at the 1.8 x 106 l’b load was 0.002 to 0.003 in. rather than 0.004 in.
Special test No. 109 was run to get additional data on the flat bearing
pressures, flows and gap. This test confirmed the previous data. »The
pressures and flow were in good agreement with the design values, but
'the measured gap at the maximum load was down to approximately 0.002 in.
The rea‘son foi' this wvas pot found. The lateral damping tests indicated

satisfactory operation of the flat bearings, so the small measured gap

was not considered a signiﬁcant'probleu.
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The spherical bearing pressure and gap versus load are shown in
Fig. VA-9. The measured recess pressure vas in eicellent agreement
with the theoretical value. The measured spherical bearing gap vﬁa in
good agreement with the theoreticgl value at light loads, dbut aﬁ the
higher loads the indicated gap was larger. Tﬁe reagson for this vas
not found. There were no problems with the spherical bearing in the
Head to Head test.

The ring bearing recess pressures vere measured and compared. The
pressures were found to be in the range of 400 to 1206 psi, and within
each bearing the pressures vere balanced within 20% total variation.
This is considered to be the acceptable operating range for recess
pressures, and therefore, it was not necessary to'readjust any of the
supply flow control valves.

3. Bearing Redundancy and Separation Tests

The test objectives were to demonstrate bearing redundancy, which
requires that the bearings operate without contact vhen the flow to any
one flow control valve is shut off; and to demonstrate tﬁat the bearing
surfaces can be separated after bearing contact.

The bearing pressures and gaps which were recorded during the redun-
dancy and separation tests are summarized in Table VA-1, for the flat
and spherical beafing tests, and in Table VA-2, for the rihg bearing
tests. The gap measurements are intended to show changes only and not

the absolute values.
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Test No. 14, Flat and Spherical Bearing Redundancy - The flat and

spherical bearings were operated at a 1.8 x 1.06 1b bearing load. The .
flov to one of the two flow control valves feeding the flat bearing
end to cne of the two flow control valves feeding the spherical bearing

wvas shut off. The flow to the auxiliary centering recesses in the

spherigal bearing vas not changed.

The flat bearing gap was redﬁced by approximately 20%, and the flat
bearing pressure, upstream'of th§ stabilizing orifices, was reduced from
approximately 2600 psi to 2400 bsi. There was no evidence of bearing
contact. ‘ i

The spherical bearing gap vas redﬁced by approximately 20%, and the
spherical bearing 'pressure, in the main recess, was unchanged at appioxi-
mately 2500 psi. There was no evidence of bearing contact.

The flow to the flat and spherical bearings was restored to normal
and the gap's and pressures immediately returned to the values recorded
prior to the flow shutoff.

Test No. 13, Flat and Spherical Bearing Separation - The flat and

spherical bearings were operated at 1.8 x l()6 bearing load. All flow
to the flat and spherical bearings was shut off. '
The flat bearing gap went to zero and»the pressure upstream of the
stabilizing orifices dropped to approximately 2100 psi.
. The spherical bearing gap went to zero and the pressure in the main

recess dropped to approximately 2400 psi.
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The flow was rapidly restored to thé flat and sphericél bearings by
opening the ball shutoff valves in the bearing supply lines; All bear-
ing gaps and pressures immediately increased to the values recorded
prior to the flow shutoff.

Test No. 15, Upper Ring Bearing Redundancy - The ring bearings were

operated at a concentric load of 1.8 x 106 1b. The flow to one of the
six recesses in the upper ring bearing was shut off.

The gap at the shutoff recess was reduced by approximately .003 in.
and the pressure in the recesses were redistributed. There was no evi-
dence of bearing contact. |

The flow was restored to normal and the bearing gap and pressures
returned to essentially the values recorded prior to the flow shutoff.

Test No. 16, Lower Ring Bearing Redundancy - The ring bearings were

operated at a concentric load of 1.8 x 10% 1b. The flow to one of the
six recesses in the lower ring bearing was shut off.

The gap at the shutoff recess was reduced by approximately .002 in.
and the pressures in the recesses were redistributed. There was no
evidence of bearing éontact

The flow was restored to normal, and the bearing gap and pressures
returned to essentialiy the values recorded prior to the flow shutoff.

4. Air Spring Loss Test (Test No. 36)

The test objective was to measure the downward velocity of the piston
- when a simulated failure of the air spring supply has occurred and to

verify that this rate did not exceed the design limit.
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For this test the solenoid valve (SOV-l) which is normally used as
the bailing purge valve was installed between the piston and the orifice

fitting which is normally screwed directly into the piston. This arrange-

+
l‘
v
b
v
‘i

ment closely simulated the failure condition in that the orifice dis-
charged directly into the atmosphere. Dﬁring the test a load of 1.8 x
106 1b was provided by maintaining constanﬁ pressure in the upper cylinder.
The hose failure was simulated by opening thé solenoid valve.

A piston velocity of .0kl in/sec or 2.46 in./min was obtained (Fig..
VA-10). This velocity is lesé than 1/10 the dynamic design load require-

ment and its low value is due to an error in sizing the orifice which is

.080 in. in diameter. The orifice was not changed because its small size

does not present an operational problem.

5. Float Refloating Test

The test objective was to demonstrate the procedure for raising and
refloating a piston float after it had been sunk.

The float in cylinder No. 4 was successfully refloated, after several
unsuccessful trails. The floating procedure was revised and retested
several times until a workable procedure was developed.

The final refloating procedure was as follows. The lower piston was
loaded so that.it would not lift vhen the lower cylinder was pressurized
up to 150 psi. In normal use, the piston will be held in the "Park”
position by the test vehicle weight. '

The Jacking valve (ROV-l) was energized to start oil flow to the
cylinder at a constant rate of approximately 6 gpm. The purge valve

(ROV-6) uas'opened to vent gas, or oil, from the top of the piston.
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When the oil level reached the bottom of the bailing tube, as indicated
by the start of oil flow, the piston pressure was increased to approxi-
mately 60 psi by adding gas through preésurization valve (CV-5). The oil
inflow was then adjusted by means of bleed valve (FCV-5), to maintain the
'piston pressure constant at approximately 100 psi. This procedure set up
a constant oil flow through the piston, in under the float and out from
above the float, which slowly lifted the float to the top of the piston.

When the float was raised, it contacted the bottom.of the bailing
tube stopping the outflow of oil. The inflow of oil was reversed by de-
energizing the Jjacking valve, allowing the float to slowly drop and con-
tinue bailing. It was important in this operation that the piston pres-
sure did not exceed 120 psi, otherwise the float would not release from
the bailing tube.

When the oll level droppped below the bottom of the bailing tube, as
iﬁdicated by the start of gas flow from the bailing hose, the Jjacking
valve was re-energized to again raise the float. The bleed valve (FCV-5)
vas adjusted to increase the cylinder inflow by approximately 3 gpm in
order to raise the float at approximately 1 in. per minute.

When the float again contacted the bailing tube, as indicated by stop-
page of outflow, the jacking valve was immediately de-energized. It was
important that the inflow be reversed immediately, otherwise oil would
spill over the sides of the float and refill it.

The Jacking valve was cycled to raise and lower the float for approxi-
mately 6 cycles until the quantity of oil expelled as the float dropped

awvay from the bailing tube was near zero. Then, the purge valve was closed
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'and gas vas added to the piston through the pressurization valvé, cv-5,
to drive the float down to its seat. This completed the floating |
procedurs. | | ’

' During the refloating tests, the tloat, sunk indicating system was
not opgrable and therefore was not used in the refloating procedure.

" In normal operation the floaf sunk indicating system vikll "be used as a
primary indicator in the refloating procedure As the float is cycled
up and down during the bailing operationm, the system will be monitored
to determine when the "SWNK" indication changes to "FLOAT." After this
indication, the bailing will be continued for several more cycles, and
then the float will be driven down to its seat to conclude the refloat-
ing procedure.
| The cylinder sight glass and the float height indicator on the control
panel were not used in the refloating procedure. It was found that the
sight glass did not correctly :Lndica.te the piston oil level vhen the
float vas sunk The ind.ica.ted. level vwas approximately 10 in. higher
than the actual level. Because of this condition, and because of its

slow response, the sight glass was not found to be useful in the re-
floating prpcedure. '

A positive indication of the oil level was obtained by monitoring
the flow from the bailing hose. This was monitored by a man at the
cylinder‘ and relayed to the operator at the control panel. An indica-
tion of the height of the oil level above the bottom of the bailing

tube was obtained from the increase in piston pressure as the oil level

increased and compressed the trapped gas volume. During the bailing
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operation, the jJacking valve was cycled to raise the oil lével vhen it fell.
belov the level of the bailing tube, and to lower the oil level when the |
float contacted the bailing tube, or when the piston preséure increased by

50 percenﬁ.

6. Operating Range Tests

The test objectives were to demonstrate the jacking of the piston from the
park position to the 3 in. operating position at various bearing loads and
spring rates, and to measure the times required.

The jacking and lowering operations at bearing loads of 0.1 x 106, 0.4k
and 106, and 1.8 x 106 1b, and at minimum and maximum spring rates wefe dem-
onstrated in the operating range tests (Nos. 64 through 69 for Set No. 1,
and Nos. 28, 31 and 32 for Set No. 2), aﬁd also as a part of the éetup for
most of the other Head to Head tests.

The normal jacking operation takes place in two phases. First, the com-
pression of the air spring from the piston precharge pressure to the opera-
ting pressure while the piston height is held constant in the park positbn.
Second, the raising of the piston from the park position to the 3 in. opera-
ting height while the pressure is held constant at the operating pressure.

The flow input to the lower cylinder was set up sO as to produce equilib-
rium at the 3 in. 6peratlng height. The test was started by energizing the -
Jacking valve to start flow to the lover cylinder and no further adjustment
was made to the lower cylinder controls. When the air spring had compressed
to the operating pressure, the piston was allowed to rise at constant load.

When a height of 2.8 in. was reached, the test was ended. The times re-

quired for the compression and Jacking phases of the tests are shown below.
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Operating Range Tests
Test No. . 66 67 68 69 28 3
Load x 10 1b. Ak Bk 1.8 18 1.8 1.8
Spring rate | min max max  min "ulin max
'fimes, niinutes, compression - T3 18 - 2.5 k5
Jacking 20 37 10 10 10.3 -
Total . 110 28 - 12.8 -

It was found that the times required for Jacking at the low bear-
ing loads and for air spring compression at the maximum spr‘ing rates
were 'unreasonably iong. A total time of 110 minutes was recorded for
the 0.4k x 106 10ad at the maximum spring rate.

This shows ﬁhat' the Jacking procedure basedr on not changing the
cylinder supply flow or bleed flow controls during the Jjacking opera-
tion is unsatisfactory for all but the minimum spring rates and the
higher loads. ‘

Operation of the sight glass was monitored during the com-
pression phase of test No. 31. As the air spring was c;Smpressed,
the float height increased. from 10 in. to 80 in. at an average rate
of 1.55 in. per minute. ‘The oil level in the sight glass lagged the
float heighﬁ by approximately 15 minutes to catch up after the float
height stabilized. |

7. Sink Rate Tests

The objective of the tests was to demonstrate that the pistons .
would lower from the 3 in. raised position to the park position in
less than 1.5 min. (the period for which emergency flow is providéd‘
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to thé bearings) at the maximum and minimum vehicle weight. When thé
pistons are lowered to the park position'the oil in the cylinder is dis- -
charged through a flow control valve (FCV;9) set at 10 gpm. This assures
an adequate sink rate for the light vehicle weights and the heavy vehicles
come down slightly faster due to increased flow over the‘capillsry seal.

During these tests the load was pro#ided by pressurizing the upper
cylinder. During some tests, particularly the low load test (Fig. V A-11),
the pressure decreased slightly permitting the air spring to expand. The
resulting float motion displaces oil which must be discharged at a constant
fate through'the flow control valve thus reducing the sink rate of the
piston.

Test results (Figs. V A-ll and V A-12) on piston-cylinder No. &
agree with the predicted sink rates when corrected for air spring expansion
which occurred on the minimum weight condition and gave a lovering time of
60 seconds which is well below the allowable 1.5 minutes.

The test results (Figs. V A-15 through A-18) from piston-cylinder
No. 2 when corrected for air'spring expansion indicate that the controlled
outflow of oil was 4 gpm father than 10 gpm which gives lowering times of
about 70 seconds for the maximum weight. This could have been caused by
dirt in the flow control valve. On the low load (.l x 105 1b) tests No. Tl
and T1A on piston-cylinder No. 2, the pressure fell below the desired value of
150 psi to less than 125 psi which is the lower limit of the pressure at
vhich the flow control valve has satisfactory regulation (Figs. VA-13 and

V A-14). The pressure regulation was corrected on later tests.
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8. Eccentric Loading Test | .

The test objective was to measure the angle between the piston face
and a horizontal reference under a h-in. eccenmtric load of 1.8 x 106 Ib.
The test was performed by displaciﬁg the stem assembly laterally
relative to the piston centerline. Measm&ements were made relative to
the two piston faces rather than relative to a true horizontal plé.ne.
It was found that test stand deflections caused the piston centerlines

to tilt thus preventing meaningful measurement of the desired angle.
The ring bearing récess pressures and gaps were recorded and the
changes in these quantities, due to the eccentric load, vere found to
agree vith predicted results.

9. Effective Moving Mass

It was intended to determine the ﬁrticﬂ mass in the Head to Head
configuration by measuring the pressure in the lover piston required to
support the veight of both pistons, stems, and the four bearings. This
method was not employed as the separate components were weighed during
assembly. '

| It is required that the vertical mass not exceed 16,000 1b/support
and that the effective moving mass of each support not exceed 5000 1b.

The vertical mass per support was determined by actual measurement

to be as follaws:

Piston assembly 12,400 1b.
Flat bearing assembly 590
‘Spherical bearing assembly 625
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Stem assedbly‘ _ | 570

Interface disc assembly
(Not part of Head to Head) 829

15,014 1b.
The effective moving mass was determined by the following equation:
Effective moving mass = horizontal mass + 1/10 vertical mass
This calculation is given below.

590 + 625 + 570 + 829 + 15,014

Effective moving mass T

2614 + 1501

+

4115 1b/support

B. VIBRATION SURVEYS

The purpose of the vibration surveys were to ensure that the
Hydrodynamic Supports and associated components have natural fre-
quencies above 20 cps. In order to avoid exciting the éystem through
the air spring resonance, and also due to the lower frequency limita-
tion on the shaker, it was originally decided to perform the vibra-
tion surveys from 5 to 20 cps and to monitor the system accelerations
and displacements at key locations on the pistons, cylinders and
bearings. Measurement of system performance parameters, in terus of
oil flow, oil temperature, nitrogen gas temperature and hydrostatic
bearing gaps were included in the test specification (Appéndix A)
but were omitted when the tests were run since it was felt that they

would not contribute any significant information. The vibration sur-

2k

veys, which were conducted in both the vertical and lateral directions

at a bearing load of 1.8 x 106 1b are summarized below.
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1. Vertical

The vértica.l vibration survey was conducted by attaching two C-5
electrodynamic shakers, each rated at 650 1b and vith their output
automatically controlled to be in phase, to the lower piston as shown
on the schematic on Table IV A-2 (F3 e.nd' F), on the side viev of Head
to Head test fixture). The output of accelerometers mounted on the
upper and lower _piéton, cylinder and flat bearing and the lower cylin-
der spherical bearing were monitored continuously through the fre-
quency rﬁnge 5 to 20 cps and recordéd at 0.5 cps increments. The
seven accelerometer locations are indicated on the schematic on
Table IV A-2 as A; through Ag. Figures V B-1 through V B-4 show the
recorded peak to peak accelerations at the T locations. As indicated on
the figures, the maximum accelerations measured were less than 0.0l g
for the shaker input force of 1090-1190 1lb and no resonances were found.
Some of the recorded data points, particularly in the 5-10 cps range are
not shown due to high noise levels at 180-240 cps. The acceleration
levels in the 5-10 cps range are,' howevér, less than in the 10-20 cps
range vhere the same noise levels were present.
2, lateral

The lateral vibration survey was conducted by attaching Vt.he Cc-5
shakers to the piston as shown on the front view of the Head to Head
test fixture in Table IV A-2 (F; and F, inputs represent the two
shakers). Accelerations were measured at 0.5 cps increments at 4 lo-
cations, indicated by A,, Ay A3 and A, on Table IV A-2, with the

system excited through the 5 to 20 cps range. Figures V B-5 and
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V B-6 show the peak to peak accelerations recorded for the input.
force of 600-650 1b. As indicated on Fig. V B-5, no resonances
vere detected on either the piston or c¢ylinder through the 5 to
20 cps frequency range. Figure V B-6 indicates an apparent

11 cps resonance on the flat bearing and a 16.5-17.0 cps reson-
ance on both the flat bearing and séherical bearing. During
the lateral vibration survey,' the shakers were bolted to a sepa-
rate structure alongside the Head to Head test fixture and this
separate structure indicated an 11l cps resonance as shown on
Fig. V B-T. Also, the stem connecting the upper and lower
plstons in the Head to Head test stand had to be restrained
from lateral motion et the 1.8 x 106 1v bearing load. This

was due to the fact that the 1l cps latefal restfaint springs
used to center the stem could not overcome the lateral force
produced by the pistons cocking relative to one another in

the test stand at thé high bearing load. In order to prevent
the stem from moving off center, a wood block was lnserted
between the stem and the Hegd to Head test stand. This block
was not rigidly attached to either the stem or test stand and
therefore provided a rather sloppy connection. The Ah-accel-
erometer, attached to the spherical bearing, did not show the
11 cps buildup as did A3 (Fig. V B-6) but did show a large bk

cps response (4 harmonic) at the 1l cps excitation frequency.
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This nonlinearity and the 11 cps apparent resonance on the

flat bearing (which could be rigid body rotation of the flat
bearing) and also the 16.5-17.0 cps response on both bearings
may or may not be legitimate resonances.but the sloppy con-
nection of the stem t: the Head to Head test stand and the
11.0 cps shaker stand resonance make these apparent reson-

ances suspect.

C. CYLINDER SUPPLY PANEL

1. Breadboard Tests

The hydraulic supply flow to the suﬁport cylinders 1is re-
quired to have a particular flow variation with cyliﬁder pres-
sure in order to overcome the low frequency instability problem
with the capillary seal. The cylindér supply panel system is dé-
signed to produce decreasing supply fl&w rates with increasing
cylinder pressures-.‘ The rate of change of supply flow with cylin-
der pressure is designated by the symbol Kq' The flow gain, Kq,
is adjustable from zero to approximately .030 gpm per psi. The

pominal cylinder supply flow :s adjustable from zero to approxi-

mately 12 gpm.

The objectives of this test were to demonstrate thé.t the cylinder

supply system as designed would produce the required range of KQ

values, and to determine how the KQ values varied with changes in

ER 1%036



28

excitation frequency, excitation amplitude, pressure levels, and
flow rates. The test parameters wefe selected to cover the full
range of conditions possible in normal operation of the cylinder
supply system.

The cylinder supply system is as shown in Fig. VC-1. An ad-
Justable capillary valve (CV-1) produces the required flow varia-
tion (KQ). A dome loaded pressure regulator (PRV-l) operates to
maintain a constant oil pressure upstream of the capillary valve.
A pressure compensated flow control valve (FCV-1), connected in
parallel with the capillary valve, operates to provide additional
supply flow at a constant flow rate.

A pressure compensated flow control valve (FCV-2), connected
to the downstream side of the capillary valve, operates to provide
a bleed flow at a constant flow rate.

In the test setup, the downstream side of the capillary valve
was connected to a throttling valve which simulated the support
cylinder pressure drop. A servo valve in parallel with the
throttling valve, was driven to produce sine wave pressure oscilla-
tions of the simulated cylinder pressure. Hydraulic power was
supplied by a portable hydraulic power cart having a capacit& of
approximately 35 gpm at 3000 psi. The hydraulic fluld was Humble
Nuto 146 at a test system inlet temperature of approximatel& 95°F.

Test instrumentation was ss shown in Fig. VC-l. Flov measure-
ments were made by means of Rampo strain gage type dynamic flow-

meters connected to a recording oscillograph. These flowmetérs
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vere caliﬁmﬁed against a Buffalo posit:l{re dispiacement type flow-
meter which in turn had been calibrated by a weight per time method
usi';" the Nutc 146 eii; Pregsure measurements were.by means of
gages for static pressures and transducers for dynamic pressures.
Temperature measurements were by means of thex;mdcouplea.

The supply system outlet flow (Q3) and the supply system out-
let pressure (P3) were recorded simultaneously on the oscillograph
while the servo valve was driven to produce sine wave variations
in outlet pressure (?3) at prescribed frequencies and amplitudes.
The resultipg flow gain, KQ’ was determinped by di.viding the peak
to peak flow variation by the peak to peak presswure variation.

A series of 18 frequency response tests were run, each con-
sisting of measuring the flov gain, Ky, at ten frequencies in the
range of O to 20 cps. The test conditions were selected to produce
the maximum, midpoint, and minimum values of Kq obtainable at vari-
ous simulated loads, fiows, and amplitudes. The varicus Ki's g'e"
produced by passing 100%, 50% and 0% of the supply flovw through
the capillary valve (CV-1) and the balance through the supply flow
control valve (ch-l). The system outlet pressure was adjusted to
simulate various loads. The sx_lpply flow was maintalned constant at
the level required by the maximum load, and the bleed flow (FCV-2)
was increased to produce lower cylinder flows at lower simulated
loads.

A series of 4 flow gain tests were run, each consisting of

measuring the flow gain, Kq, at approximately 7 settings of the
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capillary valve and at three frequencies at each setting. The four
tests simulate three different bearing loads.

Typical rgsults of the frequency response tests are shown in »
Figs. VC-2, VC-3, and VC-k. The flow gain. K, was reasonably con-
stant with frequency from zero to one cycle per second which is the
critical operating range. Above 1l cps, the high level KQ's decreased
with increasing frequency and the low level Kﬁ's increased with in-
creasing frequency. These variations resulted from the decreasing
ability of the pressure and flow regulating components to provide
ideal regulation at increasing frequencies.

When the pressure regulator (PRV-1) permitted a variation in
the pressure upstream of the capillary valve, the resulting flow
gain, KQ, was reduceﬁ as shown in tests 2C 5C and 6C. Another
example of this is shown in Test No. 6B in which the pressure

‘regulator failed to regulate properly and produced a dip in the
KQ curve. This failure was due to a damaged regulatof which was
later repaired.

When the supply flow control valve (FCV-1) permitted variations
in the supply flow rate, the resulting flow gain, KQ, vas inéreased
as shown in tests 2A, 5A and 6A. Also in these tests, in which all
of the supply flow was through FCV-l, the phase angle between the
cylinder flow, Q3, and the cylinder pressure, P3, shifted with fre-
quency. In the frequency range of 0.1 to 2 cps, the flow was 60°
to 120° out of phase with the pressure (flow loading). At higher

frequencies the flow approached the normal in-phase relationship.
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The out of phase condition makes the effective (in-phase component)
Kq approach zero, vhich is the desired value for this system setting.
In the series "B" and "C" tests in vhich the capillary valve vas set
to prodnée a moderate to large Kg, there was essentially no phasg
| shift from the normal. The normal relationship is for the minimum
flovw to be in phase with the maximum pressure. | 7

During the early breadboard tests, it was found that the supp]y
flow control valve (FCV-1) had poor frequency response in the vis-
cous oil. The valve was reworked by increasing the size of several
damping orifices and increasing the spool clearance. This substan- ‘
tially ihproved the frequency response. Also during the tests,
there were two failures of the pressure regulator (PRV-1). The
regulators were rewarked by adding holes in the valve body to
make the pressure loading on the diaphragm symetrickl. After
the revdrk, no further difficulty was experienced with the regu-
lators. See Development Test Report ER 14037, Ref. (12) for details
of the revork of the pressure regulator and’ flow éontrol valve.

The results of the flow gain tests are shown in Figs. VC-5,
vc-6, VC-T and VC-8 which compare the dynamic Ko values with the
theoretical static value. The static value was determined by
ﬁeasu.ring the capillary valve flow versus .setting at a constant
pressure drop of 300 psi, and calcix]_.ating the KQ as the fldw
divided by the pressure drop. In the tests simulating the
paximm vehicle weight (Figs. VC-5 and VC-6) and the medlium

vehicle weight (Fig. VC-T), the dynamic Kq's vere in reasonably
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good agreement with the ;heoretical static valves within the signi-
ficant_KQ range of 0 to .025 gpm per psi. In the test simulating
the low vehicle weight (L.76 x 108 1b), (Fig. vc-8), the dynamic
Kd's were substantially higher than the static values. The reason
for this was not apparent.

The data from all of the breadboard tests shows considerable
scatter. This can be accounted for by the many inaccuracies in-
herent in the test setup and instrumentation. The oil temperature
was not well controlled and stabilized, since this had to be done
manually. Temperature variations afféct the generated Ké's by
approximately 3% per OF. fThe sine waves produced by the servo
valve were far from perfect. The system inlet pressure (Pl) did
not stay constant at large flow variations. The flowmeter cali-
bration was very sensitive to oil temperature. The quantities
being measured were small changes in large values. These factors,
plus the normal inaccuracies in the instrumentation, indicate that
the test results may be up to 25% in error.

From the breadboard tests, it wés concluded that the cylindef
supply system was capable of generating the required range of flow
gains, and that the system frequency response was reasonsbly flat
in the critical operating range. It was also concluded thaf the
generated KQ‘s could be related to the static calibration of the
capillary valve. It was decided that additional KQ tests would be
run during the Head to Head tests to get additional data using
the production version of the cylinder supply panel and using the

production hydraulic supply system.
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2. Component Tests

The objective of f.est No. 100 was to determine the in-place ﬁtatié
calibration of the capillary valve, C‘f-l, and the assocliated plu..-é.i &
The cylinder supply line was disconnected at the cylindér and vas
connected to a throttling valve and a positive di.splacement fiowmeter.
The supply and bleed flow control valves were set for zero flow. The
pressure regulator and the throttling valve were set to produce a con-
stant 300 psi pressure drop from the upstream side of the capillary
valve to the downstream end of the cylinder supply line. At various
séttings of the capillary valve, the resultant flow was measured.

The predigted flow gain, KQ’ for the combined capillary valve and
cylinder supply line was calculated by dividing the measured flow
by 300 psi. The results of this test are shown in Fig. VC-9.

The objective of test No. 101 was to measure the flow resistance
of the cylinder supply line from the downstiream side of the capillary
valve to the cylinder connection. In the Head to Head test setup
this line contained a dynamic flowmeter and various :iﬁtings which
were expected to have a sigx_lificance resistance.

The results of this test showed that the resistance of the
cylinder supply line, downstream of the capillary valve, was 10
‘psi per gp»mi in the range of O to 10 gpm.

3. Systenm KQ Test

The objective of this test was to measure the flow gain, Kq,
generated by the production version of the cylinder supply panel

and to relate the flow gain to the setting of the capillary valve.
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For this test the outlet of the lower cylinder supply panel was
disconnected from the cylinder inlet and was connected through a
throttling valve to the return line. A servo valve was connected
in parallel with the throttling valve and was driven to produce sine
vave oscillations of the simulated cylinder péessu;e. This paft of
the setup was the same as for the breadboard tests (see Fig. vC-1).
The simulated cylinder flow, FL

1
P9, were recorded simultaneously on the osclllograph, and the KQ

> and simulated cylinder pressure,

value vas calculated in the same manner as for the breadboard tests
(see Para. Vv C-1).

The results of the first set of K, tests, Nos. 6 through 11, were
not meaningful due to an error in the test operation. The Kq tests
were rerun as'special test No. 102. In this test, the capillary
valve was tested at eight different settings. At each setting the
pressures and flows were set to simulate the 1.8 x 106 1b bearing
load, and the cylinder pressure was oscillated at three freqnengies,

0.05, 0.2 and 1.0 cps, and at three amplitudes at the high frequency.

'The hydraulic power unit was operated at the pressures and oil tem-

perature associated with the 1.8 x 108 1b bearing load.

The results of test No. 102 are shown in Fig. VC-9 as a plot of
the generated &Q versus the capillary valve setting. Also plotted
in this figure are the predicted KQ's from the static in place cali-
bration of the capillary valve, test No. 100. These results show
that the generated KQ's are in good agreement with the predicted

Kh's in the range of 0.003 to 0.025 grm/psi. Values beyond this
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range are not significant. The generated KQ's were reasonably
congtant with frequency and amplitude variations.

h. Cylinder Supply Panel Test Summary
Figure VC-9 shows good agreement between KQ determined by static

in place calibration of the capillary panel and Kg measured at various
frequencies in test No. 102. In test No. 101 the resistance of the
line between the capillary valve and the cylindér vas measured making
it possible to relate the bench calibration of the cé.pillary valve to
the in-place calibration. Figure vc-ld shows that the computed KQ
curve versus the laboratory calibration of the prototype capillary
valve is in good agreement. The laboratory calibration of the pro-
totype valve gives points that fall on a very smooth curve vhich
tends to ﬁ;rther substantiate the data. The production valves vere
made to the same drawing (88A4100483) as the prototype. The drawing

tolerances are very small on critical dimensions so that the prototype

D. STATIC PISTON CHARACTERISTICS TESTS
The purposes of the static piston characteristics tests were to =
determine the Hydrodynamic Support static stiffness by measuring the
piston displacement-piston load relationship and also to determine -
the gas spring rat: by measuring the float displacement-piéton load
relationship. This latter obJective was not a'ccomplished, however,
due to operational difficulties with the float height ipndicator. A

discussion of the problem is given in Ref. (12).
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The Hydrodynamic Support static stiffness is important, in con-
Junction with the characteristics of the lateral restraint system
to be employed in the Saturn V testing, in determining the statie
stability of the vehicle. As indicated by the theory (Ref. 10),
the static stiffness of the'support is uniquely determined by the
bearing load,‘capillary seal length and input flow gain (Kh), for a
glven piston-cylinder geometry and oil temperature. It was there-
fore deéided that tests would be conducted to determine the static
stiffness of two of the supports under various conditions of the
three parameters-bearing load, seal lengih and K; at the design
operating temperature of 95° F at the pump inlet.

Briefly, the procedure for performing these tests ﬁas to estab-
lish a bearing load at a given capillary seal length, température
and input flow gain (capillary restrictor valve setting CV-1), for
the lower piston-cylinder in the Head to Head setup and then to
vary the lower piston displacement using the upper piston as an
actuator. The displacements were varied in increments up to +1 in.
about the original capillary seal length (positive direction is up)
and held at each increment for a sufficient time to allow the pres-
sure and displacements to come to equilibrium, at which time.the
data were recorded. Repeaﬁ tests were necessary in some cases due

to too much scatter in the data, probably caused as a result of

taking the data too fast, that is, not simulating static conditions. -

Since the static and dynamic spring rates can be widely different
depending upon the input flow gain, care had to be taken in per-
forming the static piston characteristic tests to ensure that the

data would be representative of static conditions.
ER 14036




TN "N T T T Y e s T e e

e ettt e - s - e < Al s i
.

37

Of particular interest from the tests performed, are the cylinder
inlet oil flow rate variations with cylinder pressure and the cylinder

pressure variations with piston displacement. From the first, the

actual input flov gain (KQ) that was attained during the test can be

‘ determined and compared with the expected value based on the relation-

'ship between the .capillary restrictor vavle (CV-1) setting and the
input flow gain established during the cylinder supply panel calibra-
tions (tests Nos. 100 and 102). From the cylinder pressure varia-
tions with piston displacement the static stiffness can be determined
and compared with the theory at the input flow gain attained during
the test. Excluding repeats, there were 10 tests performed on piston-
cylinder No. 2, and 6 tests performed on piston-cylinder No. k. A
éumary of the static stiffnesses and inmput flow gains determined
from the data of the original test or of at least one repeat teét

is shown below.
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Summary o_f Static Piston Characteristic Teéts
Test Conditions Results
' K
Piston- Bearing = Capillary Cv-1 KQ © Static
Test Cylinder Ioad Seal Length Setting Input Flow gain ~Stiffness
Number Tested (106 1b) (inch) (turns open) _ (gpm/psi) (1b/in.)
41.5 2 1.8 6 0 -.00055 480,000
39-B 2 1.8 6 2.95 .0094 120, 400
40 -A 2 1.8 6 3.75 .0155 73,140
41 2 1.8 6 4.65 .0204 56,620
L1-A 2 1.8 6 4.65 .0219 55,680
5TA 2 1.8 2.50 .0061 385,800
53 2 1.8 5.40 .0294 91,960
56-A 2 1.8 8 3.65 .0167 46,240
4s 2 0.k 6 4,66 .0215 12,840
46 2 0.4 6 2.95 L0157 20,100
b7 2 0.4k 6 3.75 .0163 16,550
18-A L 1.8 6 3.20 .0152 62,890
19 y 1.8 6 4.00 .0120 51,759
oL L 1.8 L 4.50 .0155 85,630
27 L 1.8 8 3.60 .01k8 42,710
20 I 0.4k 6 3.20 .0166 11,020
21 N 0.4k 6 4.00 .0205 8,890
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As indicated in the summary above, test results are presented
for two of the piston-cylinders for variations in the three parameters:

bearing load, capillary seal length, and input flow gain (indicated by

the CV-1 setting). The static stiffnesses shown are seen to decrease

vith increasina input flow gain for the ﬁrst four tests which are at
a constant bearing load and seal length. This relationship, which is
substantiated by the theory, is evident for all sets of tests in vwhich
the only parameter varied was input flow gain.

The curves of input oil flow rate versus cylinder -pressure and
cylinder pressure versus piston displacement from which the above re-
sults were obtained, are shown on Figs. VD-1 through VD-34. Froa
these curves the static stiffness is obtained as the slope of the

pressure-displacement curve times the cylinder internal cross-sectional

" area (755 1n.2) and the input flow gain 1s obtained as the slope of the

flovw rate-pressure curve. In all cases, these slopes were obtained
from a least squares linear fit to the data.

As imiicated on Figs. VD-1 through VD-34, the data generally
appears to follow this linear fit. The oil temperature variation
during each test are indicated on the figures and can explain some
of the scatter in the data. Figures VD-1l and VD-28 show the re-

sults of a test in which wide variations in temperature occurred.

On the pressure-displacement curve (Fig. VD-28) the data indicates

an apparent zero stiffness for the first three data points. However,
Fig. VD-11 shows that this is due to the flow decreasing at constant

pressure due to the large decreases in temperature. That is, as the
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0il temoerature is decreased, the flow rate required to maintain con-
stant pressure decreases. For cépillary flow, the capillary seal
length is inversely proportional to the product of the flow rate

and the viscosity at constant pressure and capillary gap; that is,

c

t= ow
From VD-11, the flow rate changes from 2.6 gpm at 110°F to 1.6 gpm
at 100° F while the pressure remains constant. One would therefore
expect that a change in seal length of:

A‘e:’b(%ﬁ--l) ==87 in.

would occur, where the subscript "o" refers to the initial conditions
lb = 6" Q= 2.6 gom, T, = 110° F and the subscript "f" refers to the
condition of Q. = 1.6 gpm, Tp = 1000 F. As seen from Fig. VD-28, the
piston did, in fact, displace -.95 in. at constant pressure. There-
fore, the first two data points, over which the temperature changed from
110° to 100° F, should not be used and only the last four data points,
over which the temperature remained constant,vshould be used in the
data interpretation. ‘

In order to substantiate the theory regarding the independence of
the static stiffness on the gas spring rate, several of the static
piston characteristic tests were performed with a minimum gas spring
rate and then repeated with the float locked on the seat in the piston.
In the latter configuration, the gas is 1solated and cannot contribute
to the piston deflection. The comparison of test No. 4l, which was

done with a minimum gas spring rate, and test No. 41-A, which was
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with the float locked, indicates that the gas spring rate does not
affect the static stiffness.

From the input flow gains obtained from the test data (Figs.
VD-1 through 17) and the capillary restrictor valve settings for
eachi of the Static Piston Characteristic tests, a curve can bde
dravn of input flow gain versus capillary valve settings similar
to the static caliﬁration of the cylinder supply panel (test No.
100). Figure VD-35 shows such a curve, where the dotted line is drawn
through the data obtained from the Static Piston Characteristic tests
and the solid line was obtained froyn a separate static calib_ration
of the cylinder supply panel (test No. 100). The dotted line fits
all but 5 of the data points within 10%, but is higher than the
data from test No. 100. Differences in temperature from test to
test as well as temperature variations during the Static Piston
Characteri#c tests may account for the scatter in the data as

well as the difference between the two curves shown’.'

E. DAMPING

1. Head to Head

a. lLateral

The purpose of the lateral damping test was to determine the
magnitude of the lateral dashpot constant under bearing loads of
0.4%4 x 106 1b and 1.8 x 10 1b. |

The combined stem, spherical bearing, and flat bearing can nor-
mally be moved freely on top of the piston surface. Because of this

negligible horizontal spring rate, it was necessary for fhe Head to
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Head tests that the stem be put between two springs to provide an
oscillating system from which the viscous>damping could be measured.
The damping due to the viscous shear of the oil between the flat
bearing and the piston top was expected to be very small. The ex-
traneous effects due to springs, roller bearings, and other contri-
butors was expected to add an unknown amount of damping, possibly
of the same-order of magnitude as that belng investigated.

Because of the unknown amount of damping in the springs, it was
decided to use two different sets of springs in the testing. After
excitation, the springs provided a decaying free oscillation from
which the logariﬁhmic decrement was determined and hence the damping
coefficient. |

The system was excited by displacing the centering block in the
lateral direction by hand excitation when the soft (1 cps) springs
were installed and by a loading jack when the hard (5 cps) springs
were installed. It was intended to do both bearing loads with both
sets of springs, however; it was impbssible to obtain high bearing load
lateral damping with the soft springs installed. The reason for this
was that the free oscillation frequencies decreased with increasing
bearing load up to some critical load beyond which the stem became
statically unstable. The critical bearing load for this condition
was about 1 x 106 1b and the instability was caused by test stand
deflection inducing a force on the stem that the soft springs could
not overcome. The stiff springs did not allow this instability. In

addition to the North-South spring restraint the stem was restrained
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|

|

I ’ , | _ from moving in the East-West direction by channels attached to the
! ’ test stand. Rollers between the stem and the channel permitted the

| | stem to. move with spring compression but prevented the stem from

_ ' moving normal to the centérline of the two springs.

. Four lateral damping tests were conducted on the first set of

e e e

? ) piston-cylinders and two on the second set. Generall& three trials
i vere made at each test condition. The 1 cps springs were used on
the first set of piston-cylinders and the 5 cps springs on the
second set. A summary of the six tests is given below.

Summary of Lateral Damping Tests

Test Condition Results
Piston Bearing Centering C for C per
Test Cylinders gmd Spring Both Pistons Support
No. Tested (10° 1b) Frequency 1b sec/in 1b sec/in.

108 1 ~ Hope 1 cps 3.0 1.5
0.1 1 cps 3.3 1.65
108 0.4k 1 cps 5.2 2.6
38 | O.h4k 5 cps 6.2 and 6.07 3.1 and 3.03

1
1

108a 1 0.75 1 cps 5.3 - 2.65
2

39 2

1.8_ 5 cps 7-15 3.57

Figures V E-1 through V E-i give the results for tests on the first
= | set. Figures V Eés and -6 glve the results of damping on the second

r ! set. These curves show the viscous damping to be independent of ampli-
. tude.

| Figure V E-Tgives a plot of the damping coefficlent per piston ver-

sus bearing load in relation to the maximum allowable specification
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levels. Both damping coefficients measured at the 0.1k x 106 and L |
1.8 x 106 1b bearing loads are slightly over the maximum specification.
lévels. For the tests done with the 1 cps spring a cable was.attached 1
to the stem from about a 4O ft distance with about 100 1b to relieve
the stem roller bearing load on the channels that restrict movement
from tlie centerline of the ;prings. This was not done for the tests
with the 5 cps springs installed. The only comparison between the
damping with the different springs is shown at the O.Ll x 106 bear-
ing load. The 0.5 lb sec/in. difference between the damping co-
efficients measured with the two springs could be due to:
(1) Differences in damping contributed by the springs;
(2) Differences in oil temperature between the two tests;‘
(3) variations between the two piston-cylinders in flow
control valves and orifices feeding oil to the flat
bearing thereby causing different gaps between the
pistén and flat bearing.
If. the differences are due to the damping contributed by the springs,
then the damping at the 1.8 x lO6 bearing load would be within speci-
fication if it could have been done with the 1 cps springs.

b. Vertical

The purpose of the vertical damping tests was to measure the
total vertical damping of the Hydrodynamic Support to ensure that
the support damping would be less than the maximum positive values
specified between 0.5 and 1.0 éps and above 1.0 cps and also to

ensure that it would be non-negative at all frequencies.
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‘As indicated by the theory (Ref.(10)), the total support damping
can be considered to be the sum of a viscous damping and a flov damp-
ing. The viscous damping, which is due to f.he laminar shear forces
bn the piston in the capillary seal and ring bearing areas, 1is a
function of the capillary seal length and bearing load for a given
plston-cylinder and oil temperature. The bearing load affects the
capillary seal gap ard ring bearing gap while the oil temperature

controls the viscosity of the oil. The flow damping, which is due

" to the cylinder input and capillary seal oil flows, .s primarily a

function of the bearing load, capillary seal length, gas volume,

excitation frequency and input flow gain and can be either positive

or negative. The total support damping can therefore be either
positive or negative depending upon the relative magnitudes of the
viscous and flow damping. For a given configuration, that is, a
particular piston-cylinder, bearing load, capillary seal length,"
gas spring rate and oil temperature, the total support damping 1s
adjustable at all frequencies within varying limits by ché.nging the
inpuﬁ flow gain. Equation V E(1) below gives the total damping
(from Ref. (10)) as a function of the dynamic stiffness, Kp (vhich
is a function of bearing load and gas volume) and of frequency: .

N |
@ 1 P VE-(1) -

+

Qj

vhere 7 L aod Y, are time constants and C is the viscous damping.
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Since the total vertical damping is dependent on so man& parameters, -
it was decided that testing would be limited to determining the verti-
cal damping under various conditions of bearing load, frequency and |
input flow gain while maintaining a capillary seal length of 6 in., a
minimum gas spring rate and the operating oil temperature. It vas
originally anticipated that a gas spring could be obtained in the in-
verted piston in the Head to Head configuration thus mroviding a
mass (the two pistons) between two springs (the upper and lover piston
gas springs) that could be excited with a shaker both on and off reson-
ance. At resonance the total damping would be primarily the viscous
damping of both piston-cylinders since the flow damping, which is in-
versely proportional to the square of the frequency, would be essen-
tially nonexistent. Therefore, the total_damping could have been
determined by cutting the shaker off and measuring the free oscilla-
tion decay rate. Below resonance the total damping was to be deter-
mined by measur:ng the phase angle between the shaker force.and.the
piston displacement. However, it was found that.a gas spring could.
not be obtained in the upper piston thereby eliminating this method
of determining the total vertical damping.

The method of determining the total damping that was then decided
upon was to fill the inverted piston-cylinder with oil, attach a
servo valve to its inlet oil line and to oscillate the input oil
flow, thereby using the upper piston as a means of excitation. The
flow damping of the lower cylinder plus the viscous damping of both

piston-cylinders could then be obtained at any frequency by measuring
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the phase between the excitation (the upper piston pressure) and the
displacement. This procedure was used to determine the damping for

the first set of piston-cylinders installed in the Head to Heé.d con-

figuration. For the first set, which had piston-cylinder #l in the

upper (1nverted) position and #2 in the lower position, 15 damping
tests were conducted. Of these, 8 were done at the 1.8 x 106 b
bearing load, 4 at the 0.4k x 106 1b bearing load and 3 at the 0.10
x lO6 1b bearing load. From-the measured phase angles the lower cyl-

inder flow damping (C £ ) plus the upper and lower cylinder viscous
2

damping (C, and C, ) vas determined from:
1 V2

(cf +Cp +Cy)

1 2
tanél = 2 —
K2 - nW

where Kz is the stiffness of the lower system.

The results of the tests on the first set of piston-cylinders at

the 1.8 x 106 1b bearing load, 0.5 cps are shown on Fig. V E-g as &
function of the input flow gain. The phase angles were measured
using the technique shown on Fig. IV B-12 and the total damping was
calculated from these phase angles using the above equation. The
average dynamic stiffness from the four tests, which is needed to
calculate the damping from the phase angle, is indicated on the

figure and was determined from the lower cylinder pressure and dis-

placement oscillations. Also shown on Fig. V E-8 is the theoretical
damping curve for comparison with those determined from the measured

phase angles. As indicated by the comparison, the test results are
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significantly higher than the theoretical values in most instances.
There are several reasons, some of which were not really evaluated
until after the 15 tests, that tend to make the test results suspéct.
These are listed below:

(1) 1Insufficient electronic filtering of the signals in the

phase measurement. The filtering used, vhich is shown on

Fig. IV B-12, was an SKL filter on the pressure signal.
In order to avoid low frequency phase shifting of the
pressure signal, the filter cutoff frequency had to be
set high and consequently did not sufficiently filter the
60 cycle noise that was present. Also, the SKL filter
used was found to have some internal noise that affected
the measurements.

(2) Carriér amplifier noise. Since Wianco pressure transducers

were used in the first 15 damping tests, carrier amplifiers
vere needed. The carrier frequency proved to be A source
of interference in making the phase measurements.

(3) Non-sinusoidal excitation. The servo valve which was used

to osciilate the flow in the upper piston to provide excita-
tion for the lower piston generally produced a non-sinus-
oidal wave form (in some cases practically a triangular
waveform). Since the flow damping is frequency dependent,
the resulting phase measurement from the non-sinusoidal
excitation represented some weighted average of the damping

values at each frequency component of the excitatioﬁ. The
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servo valve produced this non-sinusoidal wave form due to
clogging of the servo vélve filter and also due to podr
locat.on of the servo valve and its pressure regulator
relative to the upper cylinder inlet.

ﬁue to the inconsistency of the test data with the theory it was
obvious that the above problems woﬁld have to be corrected in order
to obtain meaningful déta. Tt was therefore decided that while

better instrumentation was being installed for the phase measurement,
a change-ovgr to piston-cylinders Nos. 3 and k would be inade in the
Head to Head test stand and that a comprehensive set of vertical damp-
ing tests woulq then be performed on this set. Figure IV B-13 shovs
a schematic of the phase measuring circuit that was finally decided
upon, which includes: better filtering, better filter location
(filtering after the two signals are added) and strain gage pressure
instruments which do not need the previously used carrier amplifier
system. During the change;over to piston-cylindersNos. 3 and , thé
servo valve and pressure regulator were moved cldser to the upper
cylinder inlet in order to provide a better flow oscillation wave
form.

With the above changes in the phase measuring system and excita-
tion, testing was begun on piston-cylinders Nos. 3 and 4 to determine
the total vertical damping (lower cylindef flow damping plus upper
and lower cylinder viscous damping). As was done on the first set
of piston-cylinders, the total damping was to be determined from the
phase angle between the upper cylinder pressure and the piston dis-

placement. When these damping tesis were begun it was discovered
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thatvthe upper cylinder pressure exhibited a wayefqrm similar to the
displacemént but with a square wave superimposed. Figure V E-9 shows
the upper.cylinder pressure and piston displacement time histories |
from a typical test during which this phenomena was present. 8ince
the phase measuring technique used in these tests is only applicable
to signals that have idenfical waveforms, 1t is obvioﬁs that the
"clipping" on the upper cylinder pressure would make the phase meas-

urements difficult to interpret. The clipping on the pressure signal

was believed to be due to some physical interference within the lower

piston-cylinder (No. 4)--a possibiiity that was also discovered in
some separate tests of this piston;cylinder prior to its installation
in the Head to Head test fixture. The results of the vertical damping
tests performed with this clipping present again proved to be higher
than the theory, but in view of the apparent interference problem,
this is not surprising.

Since it was felt that the interference problem was peculiar to
piston-cylinder No. 4 and not the others, and in order to avoid immed-
jate removal of the Nos. 3 and k4 éetsfrom the test fixture to fix the
prqblem, testing was continued in order to obtain data on at least the
flow damping. By measuring the phase angle betwéen the lower cylinder
pressure and piston displacement the viscous damping of the two piston-
cylinder; plus the extraneous damping due to the apparent interference
problem would be avoided and only the lower cylinder flow dampihg
would be obtained. Separate tests on the individual piston-cylinders
could be performed after removal from the Head to Head test stand to

determine the viscous damping. The total damping (assuming & fix on
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the apparent interference problem could be made) would then be the

sum of the flow damping obtained during tests in the Head to Head
configuration plus the viscous damping from the side tests. Using

this approach, 36 tests were conducted to determine the fldw damping
under various conditions of béaring load, frequency and input flow
gain. At the 1.8 x 108 1b and 0.4k x 106 1b bearing loads, the flow
damping was determined for several input flow gains at each of 4 fre-

6 1b bearing load, the damping was deter-

quencies. For the 0.10 x 10
mined for one input flow gain at each of 4 frequencies.

Of the 30 tests performed, the results of13 are shown on Figs.
V E-10 through V E;15 as flow damping (obtained from the measured
phase angles between the lower cylinder préssure and the piston
displacement) versus input flow gain. On these figures are also
shown the theoretical flow damping curves obtained from Ref. (10),

which is the same as equation V E-(1) and assumes adiabatic behavior

of the nitrogen gas, and the theoretical flow damping including the

‘nitrogen gas dynamics, which is a modification of Ref. (10) using

the analysis of Ref. (11). At each bearing load, the theoretical
curves were evaluated for the conditions of: 6 in. capillary seal
length, .007 in. capiila;y &8p, and the average dynamic stiffness
frbm the tests at each freqﬁency. As indicated by the curves, the
flow dampiné calculated from the measured phase angles follows the
theoretical curves. Deviations between the data points and the
theoretical curves shown could be due to the fact that the capiilary

gap is less than the .007 in. used for the theoretical curves.
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Figures V E-13, E-14 and E-15, which are the only cases shown vﬁere
the nitrogen gas dynamics appreciably modify'the original theory of
Ref. (10), indicates that the modified theory may be slightly con-
servative. .

The remainder of the 30 flow damping tests on piston-cylinder
Né. 4 were done at the high bearing load, high frequency (1.8 x 106
lb, 1.0 cps) and the lighter bearing loads (0.4l x 10% and 0.10 x
106 1b) above 0.1 cps. These tests, which were all done using a 10
psi Statham preséure transducer for the pressure signal in the phase
measurement, all gave damping values that were.lower than expected.
In fact, the phase angles measured appeared to be lower than the
theory in an increasing manner with frequency indicating that the
pressure transducer and/or the hydraulic lines used to connect it
to the cylinder were introducing a phase lag and therefore giving
indicated flov damping values that were too low. Figure V E-16
shows the layout of the hydraulic lines, accumulator and pressure
transducer setup vhich was connected to the piston-cylinder in the
Head to Head damping tests. In order to determine whether any phase
lag was being introduced by the pressure tfansducer and/or the hy-
draulic lines, this whole assembly was removed from the Head to Head
setup and separate tesis were performed on it. These tests consisted
of measuring pressure signals with two transducers (side by side) in-
stalled in the hydraulic lines as during the Head to Head tests, and
the phase between them recorded at several frequencies. One §f the
transducers was then moved to a location near.the excitation (which

was provided by a mechanical piston oscillating the flow in the
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lines) and the test was repeated. The difference between the phase
lags from the two tests is the true phase lag between the excitation
(which is simulating the cylinder pressure in the Head to Head tests)
and the pressure transducer. The results of the tests indicated the
following: .

| (1) The pressure transducer and/or the associated hydraulic
lines used to connect the transducer to the piston-cylinder
in the Head to Head test did introduce a phase lag.

(2) The phase lag increases with frequency.

(3) The magnitude of the phase lag measured depended upon how
well the hydraulic lines, accumulators, etc. vere tied down
(vibrations of the lines affected the phase lag).

(4) The magnitude of the measured phase lag at 1.0 cps was on
the order of 0.7 to 2.0 degrees (high enough to explain
the difference between the measured and theoretical damping
in the Head to Head tests).

Based on the above, it is concluded thét the only good data from
the 60 tests performed on piston-cylinders Nos. 2 and 4 are the 13

previously mentioned tests on Cylinder No. 4 (Figs. V E-10 through

| V E-15) and that these data generally agree well with the theory.

In the cases where the theory predicts an appreciable influence due
to the nitrogen gas gynamics, the agreement is not as good as those
cases where the theoretical effect is small. Since this test data

agrees well with theoretical flow damping versus Ky curves shown on

! ‘ Figs. V E-10-E-15, then it is also inversely proportional to frequency
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B

as indicated by equation V E-(1). At highér freqnencies‘(aﬁove 1.0
cps) the total damping will therefore be primarily due to the viscous
damping as indicated in-Ref. (10).

Having substantiated the theory regarding the flow damping, the
total system damping can be considered to be the sum of the flow damp-
ing and the viscous damping which, as previously mentioned, can be
evaluated from separate tests on the piston-cylinders.

2. Unit Tests - Vertical and Rotational

The separate tests that were conducted on the piston-cylinders to
determine the viscous damping consisted of two types: vertical oscii-
lation of the piston in thé cylinder, and rotation of the piston in
~ the cylinder. In both cases, the particular piston-cylinder being
tested was removed from the Head to Head test fixture as shown in
Fig. V E-17. A gas spring rate was established at a gas pressure and
input oil flow rate sufficient to support the weight of the piston in
the cylinder. (This operation is identical to that used in the Head
to Head tests except that now the bearing load is merely the piston
weight.) For the vertical oscillation tests, the piston was oscillated
in the cylinder at the resénance of the piston mass on the gas spring
(approximately 0.8 cps), and the damping was determined from the free
oscillation decay rate of the piston. For the rotational tests, the
piston was rotated in the cylinder (no vertical motion) and the damping
vas determined from the exponential decay rate following release of
the piston. In both types of test the damping should be due to the

viscous shear of the oil flow in the capillary seal and ring bearing
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areas and, disréggféingvsecondéry effects, should be 1dent1§al.
Figure V E-18 shozﬁfthe results of the vertical cscillation and rota-
tional tests perfcrmedlon piston-cylinder No. l, the one which exhibited
the epparent interference problem in the Head to Head damping tests. .
* For this particular piston-cylinder the separate vertical and ro£a¥
tional tests were done prior to installation in the Head to Head test
fixture. As indicated on Fig. V E-18, the damping obtained from the
vertical oscillation tests is approximately 50% higher than that ob-
tained from the rotational tests. It was noted during these tests
that the accelerometer signal which was recorded and used to determine
the damping exhibited the same "clipped"” waveform as was noted on the
upper cylinder pressure signal during the Head to Head damping tests.
After completion of the vertical and rotational damping‘tests and the
Head to Head damping tests on this piston-cylinder, the piston and
“loat were removed from the cylinder and inspected. Figure V E-19,
vhich is a photograph of the float from piston No. 4, shows that the
float was rubbing on the piston, as evidenced by the scratch marks.
Measurements made of the float diameter indicated that it was out of
tolerance by .022 in, enough to interfere with the piston. This
float was subsequently remachined to be within the specified dimen-
sions, and piston-cylinder No. 5 was substituted for No. 4 for the
Saturn V support. Cylinder No. 4 is presently planned to be used as
a spare.
Figure V E-20 shows the vertical and rotational damping obtained

from separate tests on piston-cylinder No. 2. These results also show
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that the damping determined from the vertical tests is significantly
higher than that obtained from the rotational tests. For this‘ﬁiston-
'cylinder, vertical and rotational tests were done with and without the_ 1
float in the piston. As indicated, the damping curves shown with and ‘ 1
without the float are slightly different but the difference between
them is within the scatter of the data. The float for piston No. 2
vas iﬁspecfed and no indication of float-piston interference was found.
It was therefore concluded that, since the results with and without
the float were essentially the samé, the float was not responsible for
the difference between the damping obtalned from the vertical and ro-
tational tests.
Figures V E-21 and 22 show the results of the separate damping
tests on piston-cylinders Nos. 3 and 5, and again it is evident that
the damping obtained from the vertical tests is higher than that from
the rotational tests. For piston-cylinder No. 3 several tests were
done in an effort to determine the effect of temperature and piston
pressure on tﬁe damping. According to fhe theory the viscous damping
should be proportional to the oil viscosity, whose temperature dependence
is shown on Fig. V A-7. For the vertical damping curves of Fig. V E-214
at 124°F and L10OF the average ratio of the damping values is 0.75.
From Fig. V A-T, the viscosity ratio at 124OF and 110CF is 0.65 indi-
cating that the vertical dampihg does not decrease as muéh as the vis-
cosity ratio would indicate. Similarly, for the rotational damping
on piston-cylinder No. 3 the average damping ratlo at 1230F and 110°F
is 0.83 while the viscosity ratio indicates that it should be 0.68.
To determine the effect of piston pressure on the vertical and rota-

tional damping, tests were done with two piston pressures. In the '
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firét cage, the nitrogen gas pressure was 17 psig, Just enough"to support
the weight'ofvthe piston and provide 0.8 cps gas spring at the maiimuu gas
foluﬁe. In the second case>the piston was pressurized to 2400 psig above
the float with low volume, 1T psig gas spring below the flost. The 2400
psig biston pressure and 17 psig cylinder pressure should have made the
capillary seal gap smaller than in the tests where the piston and cylinder
pressures were 17 psig. With a smaller capillary gap the damping would
have been higher, however, inspection of Fig. V E-21 shows that for the -
vertical tests the damping decreased app:oximatély 12 lb-sec/in. between
the 17 psig piston pressure test and the 2400 psig piston pressure test
vhile for the rotational damping tests the damping remained the same for
toth piston pressures. Since pure rotatipn of the piston in the cylinder
does not involve gas volume oscillations, the rotational damping tests are
essentially independent of the gas and would therefore not be expected to
differ between the tests run with the gas above and below the float. In
the vertical oscillation tests the gas dynamics_can contribute to the
damning as‘i“@icated in Ref. (11) depending primarily upon the gas pres-
sure, frequency and the coefficient of the heat transferred from the gas.
Although estimates of the effect using the analysis of Ref. (11) amount
to only 2.0 lb-sec/in. for the verﬁical oscillation tests with the gas
above the float, this estimate is proportional to an experimental heat
transfer coefficient obtained from Ref.'(ll). Figure V E-23 summarizes
some pf the test results shown on Figs. V E-18, 20, 21 and 22, and com-
pares the test results with the theoretical viscous damping. As indicated,
the results from the rotational damping tests are in good agreement with
the theory. The vertical damping results are, as previously mentioned,

significantly higher than expected.-
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F. MISCELLANEOUS TESTING

1. Ovality Check

During the vertical damping tests on the second set of piston-
cylinders there was intermittent indication of some physical inter- ¥
ference within one of thg two piston-cylinder combinations. It was
decided to check for physical interference by performing an ovality
test of piston-cylinder No. 3 (as a separate unit) and to disassemble
No. 4 for imspection. ' .

The No. 3 piston-cylinder was set out on the floor after the Head
to Head tests and a six-inch capillary seal length established with
a 17 psi air spring in the piston. Four dial gages veré attached to
the top of the cylinder Qt 900 to each other such that the dial plunger
rested against the side of the piston. The two gap sensors (G, and 02)
used in the Head to Head test were also installed again at the top right
and bottom left of the cylinder. The cylinder was marked off in 30° in-
crements, then the piston was rotated relative to the cylinder and
stopped at every 30° mark and data recorded from all sensing devices.

The piston was concentiic within the drawing tolerance (.002 TIR).

2. Temperature Time Histories

The gaps between the piston and cylinder are influenced by the
relativg piston and cylinder temperatures which in turn are a function
of the ambient air temperatures. If the cylinder heaters are left off
and the ambient temperature_is less than the normal ope-ating oil tem-
perature of about 110°F then the cylinder does not expand as much as

the piston; thus decreasing the gap between the piston and cylinder.
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Most of the Head to Head tests were conducted with the cylinder
heaters on, thus the cylinder and piston could be kept near the
same temperature.

The temperature difference between the piston and cylinder and
also the elapsed time for temperature stabilization was checked with
the cylinder heaters turned off. This check was made on the morning
of 9-23-65 when the ambient temperature was about T5°.

One temperature sensor was placed on the piston side near the top
and the other was placed on the outside of the cylinder near the upper
ring bearing. After completing a Static Piston Characteristic Test
the cylinder heaters were turned off and about 3 hours lapsed before the
temperature.test was run. The two temperatures were monitored every 5
minutes for 3-1/2 hours. Both piston and cylinder started out at 92°F.
At the end of the 3-1/2 hours the piston was at ll3° and the cylinder
was at 106°. The piston-cylinder temperatures stabilized at about 113°
(piston) and 10’_{'° (cylinder). The temperatures read at 5 minute inter- .

vals are given on Table V F-1.
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VI. CONCLUSIONS

Based on thé tests performed on the Hydrodynamic Support in the Head
to Head configuration it is conc;uded that, in general, the system and com-
ponents functiqn as designed and.that the measured performance parameters
are in good agreement with the theory (where comparisons are made) with
few exceptions.
From the Design Assurance Tests several conclusioné were drawn. Some
of these are listed below:
(1) The capillary seal gaps are slightly smaller than anticipated.
(2) The flat and spherical bearing gapé are in good agreément with
| the theory at the light bearing loads. At the high bearing loads
the flat bearing gap is 0.001 to 0.002 in. less than anticipated
vhile the spherical bearing gap is higher than the theoretical value.

(3) ‘The flat and spherical bearings operate without contact when flow
to one of the bearing flow control valves is shut off. The bearing
gaps and pressuresvreturn immediately to their normal values when '
the flow is resumed.

(4) There was no evidence of piston-cylinder contact when flow to one
of the ring bearing recesses was shut off. The gaps and pressures
reutrn to essentially the normal values when flow was resumed.

(5) The piston sinok rate due to an air spring pressure loss was consid-
erably less than the maximum permitted descent rate due to an error
in sizing the gas discharge orifice.

(6) The Jacking procedure based on not change the cylinder supply flow
or bleed flow controls during the operation is unsatisfactory for

all but the minimum spr.ing rates and the higher loads.
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(7) The float can be refloated without disassembly of the
piston and cylinder but the sight glass was of no use
in the refloating procedure.

(8) The time for the piston to go from 3 in. above the park position
to the park position was about 50 seconds which is within the
desired time of 90 seconds and well below the rate for allow-
able impact loads.

(9) The ring bearing gaps change approximately 0.001 inches when
the flat and spherical bearing assembly is displaced 4 inches
off center. |

Data from the vibration surveys conducted in both the lateral and
vertical directions at the 1.8 x lO6 1b bearing load indicate that there
are no resonances in the vertical direction in the frequency range 5-20
cps. In the lateral direction no resonances were detected on either the

piston or cylinder but two apparent resonant peaks were found on the flat

bearing and one on the spherical bearing. These apparent resonances vhich

were found at 11 and 17 éps, may be attributed to ‘the stem centering Hock
andfor the shaker support stand.

 Tests conducted on the cylinder supply panel to determine the flow
variation with cylinder pressure through the flow control valves, capil-
lary restrictor valve and hydraulic lines indicate that the supply panel
can produce the range of KQ's theoretically required for the vehicle-
suspension system stability. Results of the tests also indicate that
the system KQ is flat within .002 to .005 gpm/psi with frequency varia-

tions but is!not the same for all cylinder supply pressures.
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Results of the Static Piéton Characteristics tests which were pér-
formed to determine the static stiffness of the Hydrodynamic Support,
indicate that the stiffness is linear with piston deflection, At least
up to the +1.0 in. deflections tested and that the static stiffness is
independent of the gas spring rate. Due to temperature variations during
the tests and also due to mean temperature differences among the tests,
no comparisons were made of thestatic stiffness determined with theo-

. retical values. However, the static‘stiffness was shown to decrease
with increasing KQ with values that indicate good agreement with the
‘theory can be m#de if the data is normalized to a uniform temperature.

Damping tests, made to determine the lateral damping due to the
viscous forces between the flat bearing and piston surface indicate that
the lateral damping is slightly higher than the maximum specified values.
Differences between the measured values and the maximum specified values
are attributed to the springs used to center:the steﬁ in the Head to
Head tests. ' ‘

In the vertical da;ping tests conducted in the Head to Head cbnfig-
uration many problems were encountered that prevented the tests from
being conducted as originally anticipated. The method of determining
the total vertical damping that was finally decided upon was to measure
the low frequency flow damping by measuring the phase angle between
the lower.cylinder pressure and the piston displacement and to measure
the higher frequency viscous damping in separate tests on the piston-
cylinders out of the Head to Head configuration. The total damping

would then be the sum of the flow damping and the viscous damping.
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Results of the flow damping test indicate excellent agreement with the
theory for the low frequency, high bearing load tests. At'the lighter bear-
1ng‘loads and higher frequencies the flow damping, and consequently the
phase angle representing it, theoretically became small. The small phase
angle measured under these conditions did not agree well with the theory
but the difference was attributed to a phase lag introdhced by the phase
measuring instrumentation. Separate tests on the phase measuring circuit
showed that the lag introduced was sufficient to account for the differ-
ence between the theoretical flow damping and the measured values at

the light bearing loads and higher frequencies. It was therefore con-
cluded that the actual flow damping of the Hydrodynamic Support agrees
with the theory and is therefore linear with KQ and decreases quadratic-
ally with increasing frequency and can be adjusted with KQ to give posi-
tive orvnegative flow damping.

The piston-cylinder viscous damping; which, together with the flow
damping determine the total support damping, was determined from sepa-
rate tests on the supports. Results of these tests indicate that "the
high frequency damping (where the flow damping is negligible) is sig-
nificantly higher than the theoretical damping and is, in fact, higher
thgn the maximum speéified values. Measured values of the viscous
damping determined from the free oscillation decay rate of the piston
in the cylinder were on the order of 30 1b-sec/in. in comparison to
to 15 Ib-seé/in. theoretical. No explanation for this was found and,
in fact, several testsconducted to determine the relationship between
the measured damping and piston pressure and also oil temperature
either yielded results contradictory to expectations or did not change

the damping as much as anticipated.
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Following the separate damping tests, checks were made on the
ovality of the piston relative to the cylinder to determine if there
could be either interference between the piston and cylinder'at the
low pist&n pressure‘used in the damping tests. Results of the ovality
»teéts indicated that the piston and cylinder were concentric within

tolerance.
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SUMMARY OF HEAD T

TABIE IV A
Lower
1965 Piston
Test | Set | Test Bearing 8 | Spring
No. No. | Date Descrxptxon Load x 10 Rate Force
‘ .
A) DESIGN ASSURANCE
' 1 & 2 Gaps
2 1 8-4 | Piston cylinder gap test (3.1)*
 Adjust flow control valves (3.2) 0.1 Min o
3 1 |8-4 | 0.44 | Min o
4 1 |8-5 1.0 _Min _ o
S 1_;8-7 ¥ 1.8 Min L
51 1 : 8-15 Static flow characteristics 0.1 None Forced disp by
i _(5.2.1) | S
52 1 8-14 - 0.44 P e
53 1 8-12 Statiec flow & piston character- 1.8 |
: istics : P
54 1 8-15 Static flow characteristics 0.1 L
25 1  8-14° 0.44 .
6 1 8-12 Static flow & piston character- 1.8
f . isties ' ’ y
1 2 9-8 Piston cylinder gap test (3.1) 0.1 Min
! _Adjust flow control valves (3.2) o
2 2  9-8 0.44 Min L
2 19-8 ¥ 1.8 Min i
22 2 9-25  Static flow characterlstlcs(s._.l) 0.1 Min Forced disp. b
23 2 1 9-25] 0.44 Min L
24 2 9-24 Static flow & piston charac, 1.8 e
25 2 9-25 Statie flow characteristies 0.1 Min o
26 2___9-25 Static flow characteristics . | 0,44 Min |
27 2 9-25 Static flow & piston character- 1.8 1 i
’ istics v N
: 3. BEARING REDUNDANCY & SEPARATIO
13 1 ' 8-8 Bearing ,Semggj,ign_%ﬁi.ﬂrg__ ,,,,,,,, 1.8 | Min _
14 1 . 8-8 Bearing Redundancy (3.3 1,8 Min e
15 1 8-9 Bearing Redundaney (3.3) 1.8 Min o
16 1  8-9 Bearing Redundancy (3.3) 1.8 Min o
i 4. AIR SPRING LOSS
36 2 ' 9-25 Air spring less (3.5) 1.8 | Min Simulated weig]
: . 5. FLOATING PROCEDURE .
37 2 19-14 Floating procedure (3.5.2) 0 Simulated weig]
! : 6. OPERATING RANGE TEST
64 1 'sg-27. Operating range test LS 6) 0.1 _Min Simulated weigl
65 1 827§y 000 0.1 | Max | Simulated weig]
;63 1 _.8-10_ 0,44 | Min | Sipulated weig
67 1 ' 8-14: e . 0.44 Max Simulated weig]
i68 1 8-11 1.8 | Max Simulated weig]
69 1 . 8-101 1.8 Min Simulated weig]
28 2 9-17 Operating r ange test (3.6) | 1.8 | Min | Simulated weigl
22 2 . 9-23 Operati agL ange test .1 Min Simulated weig]

* Numbers in parentheses indicate paragrapvh in Head to Head Test Specification, Arpend

AL



D HEAD TEST
-1 67
Capillary K
Seal Length | s2¢
Input Upper | Lower In General Information
1 6 8 N.A.
6 6 N.A.
6 6 | N.A.
6 6 N.A. Stem went hard over and applied eccentric load
upper piston 8 4 N.A. ) .
| 1.8 | 4 N.A. _
8 4 .046(Max)
4 8 N.A.
4 8 N.A. e
4 8 .015 Repeat is 56A (8-13)
6 [
(] )
P 6
y upper piston} 8 | 4 | = e
‘ 8 4
8 4 029
_4 8
——— e 4. 8 -
4 8 .015
|_6 ] N.A. | Flow cut to lower flat & spherical bearing.
6 6 N.A. One flat and spherical flow valve closed.
6 8 N.Ao One _upper ring flow control valve closed.
6 6 N.do One_lower ring flo? control valve closed.
t ;] 6 Bleed N2 from lower piston
ht -
et .6 .. 6 N.A. From park to_operate position
t py
X MR N _’:_ft_’“_'.;'_';.:.“_".fﬂ_f PR
pt 5 . e
[t SUS OUNSIUNR NYSUENIREIY S
a t / — _————
LI SR I SUUNR U - N - -
it 6 (i}
i1ix A.
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_ SUMMARY OF HEAD
A é{‘) | | TABLE IV |

: Lower
1965 : v Piston
Test |Set ] Test Bearing 6 Spring
No. No. | Date Description Load x 10 Rate Forc/
7. SINK RATE TEST . :

70 1 | 8-10 | Sink rate test (3.7) 1.8 Min Simulated Weig}
| 71 1 8-27 0.1 Min Simulated weigh
| 29 2 | 9-17 | Sink rate test (3.7) 1.8 Hin Simulated weig]

33 2 9-23 Sink rate test 0.1 Min Simulated weigh
i 8. ECCENTRIC LOADING TEST |
| 5 1 | 8-7 Adjust flow control valves (3.2) 1.8 Min _

9. EFFECTIVE MOVING MASS |
1 1 | 8-1 Determine moving mass (8.9)
i B. VIBRATION SURVEYS . -
‘ 1. LATERAL
63 1 | 8-30 | Lateral resonance survey (4.0) 1.8 Min C-5 constant f
3 to 20 cps
2. VERTICAL '
62 1 | 8-31 | Vertical resonance survey (4.0) 1.8 Min C-5 Constant f
: S to 20 cps
; C. CYLINDER SUPPLY PANEL
| i 1. BREADBOARD TESTS }
! 12

2. SYSTEM KqQ TEST
6 1 8-9 Determine Kq values 1.8 N.A. Piston disconn

0il supply and
loads simulate
, pressure
‘ 7 1 | 8-9 1.8 N.A.
| I8 1 | 8-9 . 0.44 N.A.
' g 1_]8-9 0.44 N.A.
9.5.1] 1 | 8-10 0.9 N.A.
1 9.5.2] 1 | 8-9 0.9 N.A.
10 1 | 8-9 0.1 N.A .
11 1 | 8~9 0.1 N.A. v
102 1 8-19 | Additional KQ tests 1.8 Sima- Piston disconn
lated
3. SYSTEM COMPONENT TESTS o
100 1 8-18 Calibration of CV-l in system 1.8 Piston disconn
- Simulated{ .
101 1 | 8-18 | Calibration of FCV-1 in system 1.8 Piston disconn
Simulated
1104 1 ! 8-21 | Check on calibration of CV-2 1.8 Min o
D. STATIC .PISTCN CHARACTERISTICS
39 1 , 8-12 | Static piston characteristics 1.8 Min Forced disp. b
A (5.2.1) ’ . .
: 40 1 | 8-12 1.8 Min -
! 41 1 8-12 N 1.8 Min o
41,5 | 1 | 8-17 | Static piston characteristies | 1.8 | None Forced disp. b
45 1 1 8-14 , 0.44 None | T T TTiT T
46 1 8-14 0.44 None
47 1 8-14 0.44 None
|




illar K
Sea Length Sgt
 Input Upper Lower In General Information
’ .
t 6 6 N.deo From operate to park position
t 6 6 N.A. From operate to park position
t 6 6 From operate to park
t 6 6 From operate to park
E 6 6 N.A. Stem went hard over & applied eccentric 1load.
| : y
‘ Components were subsequently weighed.
\ .
rce _ 6 6 N.A.
rce 6 8 N.A.
|
Done in laboratory
rcted from N.A. N.A. CV-1=350 Checked at 0.5 & 1.0 cps; 6A is repeat test
bearing
| by line
N.A. N.A. 440 | Checked at 0.5 & 1.0 cps; 7A is repeat test(8-14)
N.A.  N.A. 350 | Checked at 0.5 & 1.0 cps; 8A is repeat test(8-15
N.4d. N.4A. 440 Checked at 0.5 & 1.0 cps; 9A is repeat test{8-15
N.A. N.A. 440 Checked at 0.5 & 1.0 cps;
N.A. N.A. 350 4 ’ -
. 4. N.A. N.A. 350
. N.A. N.AO 440 v _ :
cted _ 0,1,2,3,4,5,6, & 7 CV-1 settings at 0.05, 0.2,
& 1.0 cps
cted : Measure flow with variations of CV-1 settings
_ B @ 2400 psi _
cted Measare flow and line pressure drop for FCV-1
_settings @ 2400 psi L
cv-2 settlngs of 3.5 and 5.5
' upper piston 6 6 .008 Repeat 39A (8-15) & 39B (8-20) W/0 Airspring
o |6 7776 |7 .016 | Repeat 40A (8-13) & 40B (8-19) W/0 Airspring
6 6 .032 Repeat 41A (8-16) W/0 airspring
_upper piston 6.8 0o
6 6 | 7,008 | Repeat is 451 28129 - T
: 6 6 .016 | Repeat is 464 (8-20
- 6 6 .032




TABLE IV /
; 1965 Lower
Test | Set | Test Bearing .o E;?{gg
0. | No. | Date Deseription Load x 10 | Rate Force 1
D. STATIC PISTON CHARACTERISTICS
553 1 8-12 tatic flow & piston character- 1.8
istiecs —
56 1 8-12 Static flow & piston charac. 1.8
I57A | 1 | 8-13 | Static piston characteristics 1.8 None |” Forced disp. b
18 2 | 9-23 | Static piston characteristics 1.8 Min Forced disp. b
19 2 | 9-24 | Static pistom charac. (5.2.1) 1.8 Min Forced disp. b
20 2 19-25 | Static piston charac. (5.2.1) 0.44 Min Forced disp. b
21 2 | 9-25 | Static piston charac. (5.2.1) | 0.44 | Min | Forced disp. b
24 2 | 9-24 | Static flow & piston charac. 1.8 Forced disp. b
27 2 ] 9-25 | Static flow & piston charac. 1.8 Forced disp. b
E. DAMPING
1. HEAD TO HEAD
a. LATERAL
60 1 | 8-10 | Lateral Damping (5.1) 0.44 Min Stem excited m
108 1 | 8-27 | Lateral damping Stem excited m
38 2 | 9-26 | Lateral damping (5.1) 0.44 Min Stem excited b
39 2 | 9-26 | Lateral damping (5.1) 1.8 \in Stem excited b
b. VERTICAL
22 1 | 8-25 | Vertical damping (5.2.2) 1.8 Min Servo-valve us
. upper pisten a
24 1 8-25 o o 1.8 Min 0.5 cps
25 1 8-25 1.8 Min 0.5 cps
26 1 8-25 1.8 Min 1.5 cps
27 1 |8-24 1.8 Min 0.05 cps
28 1.1 |8-24 B 1.8 Min | 0.1 cps
30 1 | 8-24 1.8 Min 0.2 eps
31} 1 |8-24 1.8 Min 0.5 cps
32 1 8-23 0.44 Min 0.05 cps
33 1 |8-23 e o 0.44 Min _ 0.1 cps
34 1 8-24 0.44 Min 0.5 cps
35 | 1 [8-24 “ ] 0.44 _ | Min 0.8 cps
36 1 | 8-26 0.1 Min ) 0.05 cps
317 1 8-26 0.1 Min 0.1 cps
38 1 | 8-26 0.1 Min 0.5 cps
6.0 2 ;[ 9-19 . Vertical damping (5.2.2) 1.8 Min 0,95 cps
6.1 i 2 |9-19 1.8 Min 0.1 ’
642 2 i 9-19 1.8 Min 0.2
6.3 2 | 9-20 1.8 Min 1.0
7.0 2 19-20 : 1.8 Min 1,0
7.1 2_ i 9-1¢ 1.8 Min 0.2
1.2 2 9-17 1.8 Min 0.1
7.3 2 ;9-19 1.8 Min 0.05
8.0 2 '9.20 1.8 Min 0.05
8. 2 |, 9-20 1.8 Min 0.1
80‘! 2 9—20 { R I . _:'._08_ ] _‘é{_i_n U S ,0“0 2 _—_r:
8.3 2 . 9-21 1.8 Min 1.0
9.0 2 9-21 1.8 Min 1.0
9.1 2 9-20 : 1.8 Min 0.2
9.2 2 ; 9-20 1.8 Min 0.1
9.3 2 | 9-20 | 1.8 Min 0.05
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Phase between upper cylinder pressure and

lower piston displacement is P1
Phase between lover cylinder pressure and

n displacement is ¢2
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TABLE IV A«
1963
Test [Set| Test Bearing
No. [No. | Date Description Load x 10 Fore
10.0 | 2 | 9-22 | Vertical damping (5.2.2) = _ 0.44 | .Sexrve 0.05
.%e%__,a__%:‘% e . g.“ : 0.2
181:::%: =21 04t .
1.1 2 9_?_1! e 0.44 ... 0.5
11.2 2 ! 9-18 Q.44 0.2
(21,3 | 2 | 9=28 | _ . 0.44 0.05 _
: 2 | 9.22 | - o . 0.44 .. 0,05
1 12,1 2 9.2} _0.44 S 0.2 .
12,2 1.2 | 922 - ... 0.44 0.5
112.3 | 2 | 9-22 0.44 .10
13.0 | 2 ! 9-22 | . 0.44 R Y
1 13. | 2 | 9-22 |} —_ 0.44 0.5
13.2 | 2 | 9-22 0.44 0.2
13.3 | 2 | 9-23 0.44 0.05
14 2 9-23 0.1 _0.05
118 | 2 ! 9-23 0.1 e 001
16 2 | a3 0.1 T 0.5
2 | 9-23 N 0.1 __ 1.0
2, UNIT TESTS
: a. VERTICAL AND ROTATIONAL ‘
105 1 . 8-22 ;| VYertical damping Foot dampin
—
106 1 ! 8-24 | Vertical damping 0.44 Servo at O.
107 1 . 8-26 | Vertical dampi: LTS . 0.
1| 9-2 Vertical damping Unit No. 2 Bounce by h
1 | 9-2 Rotational damping Unit Ne. 2 o i Rotated by
2 | 8-2T7 | Vert. & Rotational Damping Unit #4 ""Hand excita
2 10-1 Yert. & Rotatioenal Damping Unit #3 Vert. quick
rotation by
2 | 16-1 | Vert. & Rotational Damping Unit #3
2 | 8-30 | Vert. & Rotational Damping Unit #3 Hand excita
2 | 10-1 ' Vert. & Rotational Damping Unit #3 -
2 | 10-6 _Vert. & Rotational Damping Unit #5 e o
- 2] 10-6 } Rotational Damping Unit #5 ' |
. i
; ¢ F. MISCELLANEOUS TESTING
103 | 1| 8-19 | Check of Pgs & P10A for consistency 1.8 Displaced b
108 7 1| 8-28 Flat bearing investigation _ ) i -
2 | 10-1  Ovality check on Unit #3 o - T o
2 | 9-23 | Press. check in cavity between 1.8 -
upper_and lower ring bearings ,
2| 9-23 | Temp. time histories on piston 1.8 o )
and cylinder.




EEAD TEST
3
70
Capillary KQ
Seal Length Set \ i
} Input Upper  Lower | In N\__General Information
%
s ' Measured : : :
ips . L] 6 030 2 Phase between upper cylinder pressure &
e A 036 $§2 lqwer piston displacement is )
F % .Ogg 1 Phias be ween lof'erleyl_inder.pressure &
5 5 5 2 o .er piston displacement is P2
N ) _ R S
. .6
.6 6 .
e 8 6
- . 6 6 |
8 8
6 6 _
U - 6 6
- 6 6
e e 6 6
6 6
6 8
o 6 6
— 6 8 ,
[ 6 S
-4 Head to head tests with no upper piston
! - ) pressure ~
5 cps 0 Same as test 34 except all flow thru FCV-1
5 ecps ‘ .028 Same as test 38 except Kp suddenly increased
and excitation o (Side tests on Unit #2 with & without float
at 4,5,6,7,8 inch capillary seal lengths)
hand
tion At 4,5,6,7, & 8 inch capillary seal lengths.
release "TAt 2,4 & 6 in seal lengths; high temp;2400 psi
hand ' locked up inside piston;17 psi pressure below
_____piston.
Vert. at 2,4 & 6; rotational at 4,5,6 & 8 inch
seal lengths; 2400 psi piston pressure; 17 psi
— below piston. ] ‘ :
tion ) [T T717T At 4,5,6 & 8 inch capillary seal lengths,
e T R Y ”'H'i'[;ixﬂtémp. at 4, 6 & 8 inch seal lengths. -
B I At 4, 6 & 8 inch seal lengths,
7|77 7At 4, 6 & 8 inch seal lengths; 2400 psi
| piston pressure. .
y_upper piston 6 6 i e :
S ) " Measure gaps & pressures with various loads,
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SUMMARY OF ALL MEASUREMENTS AND INS'

TABLE IV A-2

DE3SIGN ASSURANCS TESTS

FISTON- BEARING AIR

INST CYL BEARING| REDUNDANCY |SFRING [CPERATING| SIIX
KC. LOCATION _ GAP CAP & SEZPARATION | LO33 RANGE | RATE
Py L. A33Y., L. R. BEARING, L. X X X

FRONT
B, L. ASSY., L. R. BEARINZ, R. 3IDE X X X
P3 L. ASSY., L. R. BEARING, L. REAR X X
B, L. ASSY., U. R. BEARING, R. X X

FRONT
Ps L. ASSY., U. R. BEARING, R. REAR X X X
Fg L. AS3Y., U. R. BEARING, L. SIDE X X X
2 U. A35Y., U. R. BEARING, R. SIDE X X X
Pg U. AS5Y., U. R. BEARING, L. REAR X X X
Py L. ASSY., FRONT CYLINDER X X X X X X
P9A " L. ASSY., FRONT CYLIIDER X
Pgp L- ASSY., FRONT CYLLIDER )
Pgq L. A33Y., REAR CYLINDER X
P,o U. ASSY., FRONT CYLINDER X X X X X X
Pyoa U- ASSY., FRONT CYLINDER X
Piop U+ ASSY., FRONT CYLINDER |
P, L. ASSY., FIAT BEARING, R. REAR X. X X X
Py, L. A3SY., SPH. BZARINZ, R. SIDE X X X X
P,,. U. AS3Y., U. R. BZARING, L. X X
136 rrowt
Plh": U- ASSYO, Lo R- EEARI IG, R- X X

FRCNT




'RUMENTATION LOCATIONS

71
TAIPING
CYLINDER | STATIC PISTON HEAD TO HZAD UNIT
sccamric | VIERATION SURVEYS | SUPPLY PANEL | CHART o
LCADING KR SCT 1 |SET 2 SET 2 NERT-ROTAT
X X
X X
X X
X X
X X
X X
X X
X X X X X X
X X X
X X
X X X
X X X X
X X
X X
y 4 X X X
X X X X
X X
X X




o et -

SUMMARY OF ALL MEASUREMENTS Al

TABLE

LOCATICN

D3I ASSURAIICE THSTS

FISTOI-
AP AT

BRARING AR
Ty Ty T T T

REDUITDALCY SELRIHG
& SEZPABATICH | LGSS

ATTD ATTLY
VL sl Lins

RANGE

U. ASSY., L. R. DIZARINZ, R. REAR

>

U. ASS5Y., L. R. BIARTNG, L. SIDE

b

173 T. A3SY., FIATBZARING, R. X X
SRONT
FL, L. A5SY., SUCFLY FLCW, REAR X X X X X
FLig T. A35Y., OUPPLY FLOW
L, U. 433Y., 3UPFLY FLOW, REAS bie X X X X
Plo yoo  PEASE ILLSUREMENT
Po ygo  DHASS MEASUREHEKT
D, ypy  PEASE MPASUREMENT
Ve FUASE MEASUREMENT
¢ CATOUTATED (PHASE \TIILE)
.
5 102 DECREE :
D L. A33Y. VERTICAL X X X X X

D, TATERAL X X X
I I.. ASS3Y. 3UPPLY X X £ X £
T, U. A33Y., 3UrPLY e X X X

RETURN

sl e

"
3
-

T, T. A33Y. KITROGEN y 4 X X X X

3 L. A33Y., L. R. BIARING, L. X X X
- SIDE

3 L. £33Y., U. R. BEARING, R. X X X

SIDE

B e T ———— - — e -

72

P,




.

[V A-2

D INSTRUMENTATION LOCATIORS

72

DA P13
. CYLIIDIR | STATIC FISTCH HEAD T0 HEAD JUNIT

sz | oo omre | VIZRATICN SURVAYS |SUPFLY FANTL SHART ——

| RATE | TQAOTIG | TATERAL | VERTICAL e} sar 1 | 37 2 |1AT | SET 1 | S2F 2 [VERT-ROTAT

X

X

X

"

X

X X X X X X X £ X X X
X X X X
X £ X X X
X
X
X
X
X £
X
X £ X X X X £ X X
X X X X
X X X X X X X X £ X X
X X X X X X = X X X 7
X £ X X X X X X X £ - X
X X X X X X X X X X
X - X
X X




SUMMARY OF ALL MEASUREMENTS Al

TABLE T

YISTON- DEARING AIR
ST | oYL BEARII? | REIDUIDAIKCY | SZRII: | CRERATING
¥C. TOCATICH e AP SEFARLTICE | G353 BAISE
33 L. A3SY., FIAT BEARTHZ, FRORT X X | X
Gy L. A3SY., FIAT BZanING, L. 3IDE X X X ‘
‘
35 L. A33Y., 3PH. 32ARTS, R. 5IDZ X X X
3¢ L. £53Y¥., 3P7. BEARINZ, RUAR X X ye
FO, T.. ASSY., L. 3IDZ
FO, T. A55Y., B. 3IDE
FCy L. A35Y., FROIT
FO), L. A3SY., REAR
Ay L. A3SY., CYLIVDER
A L. A35Y., CYLIMDER

PISTCN

Ay L. A35Y., PISTON

Ay L. A35Y., FIAT BEARTH:
Ay L. A33Y., FIAT BEARING
Aoy T.. AS5Y., 3PH. BZARING
A L. ASSY., PH. SEARING

FLAT BEARING

JLT‘J U. 4"3351'—’ PISTOI‘I
ﬁ.B"y Ua ; ‘S‘:', ::“_’LEDLR
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D INSTRUMENTATION LOCATIONS

i A-2

DATPLIC

_ CYLIIDER | 3TATIC PISTCH HE.D TC HZAD|UNIT

ATIES R ‘IIE: T S JiYS SUPT I E ‘F‘v TUART

| SINX | 2CC3TRIC RATICH SURVLYS | SUPFLY FANEL TYART VT
h

5ATE | Leadrin | rAvERaL |VARTIZAL o) 520 L |5z 2| 1aT 527 1| 32 2 |VERT-ROTAT

X £ X ‘ X X

X £ X b4 X

4
pd

X

>4
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SUMMARY OF ALL MEASUI

ABBREVTATTONS «

~ Pressure transduceg

Flow meter
Thermocouple (temperature) .
Gap (distance detector)

Displacement

" Force

Damping (log decrement)

Damping (phase angle)

‘Accelerometer - vertical

Acceleronmeter - lateral
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Real
Time

0105
0120
0133

0143
0148
0155
0200
0205
0210
0215
0220
0225
0230
0235
0240
0245

0250
0255
0300
0305
0210
0320
0330
0340
0355
0410
0425
0440
0500

Tase ¥ F-y

Time Histories of #4 Cylinder

and Piston Temperatures During Test 18

TABLE V F-1
t Cylinder
(¥in.) Temperature
o 92.1
0 92.2
Main Pumps on Hyd. 92.0
Press. - 1000 psi
10 91.4
15 9L.4
22 92.2
27 92.1
32 92.4
37 92.7
42 92.8
&7 93.1
52 94.1
57 93.8
62 94.0
67 93.8
72 94.9
Ilyd. Press.-30C0 psi
77 95.6
82 97.0
87 97.1
92 98.8
97 98.8
107 99.7
117 101.6
127 102.9
142 103.8
157 104.9
172 105.2
137 105.8
247 10€.4

Piston
Temperature

92.7
92.2
91.6

91.8
92.8
93.7
94.9
94.1
94.7
96.8
96.8
97.1
97.9
99.1
99.4
101.8

103.1
104.2
105.4
106.2
107.2
108.1
109.9
110.1
111.8
112.8
112.7
113.1
113.3
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c..5 Shaker support
struc ture

o

HEAD TO HEAD TEST -~ OVERALL FRONT VIEW
FIGURE II-1




HEAD TO HEAD TEST = OVERALL SIDE VIEW
’ ' FIGURE II-2
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1.0

1.1

1.2
1.3
1.

1.5
1.6

1.7

1.8

1.9

1.10

.11
.12

TEST OBJECTIVES,-

To determins the ability of the systeam and components to functionm
as desigoed. .

Deternine the piston-cylinder capillary seal gap experimentally
by ctasuring the oil flow at various pressures.

A35ust all flow control valves at operating conditions.
Demonstrate bearing redundancy. (Ref. Para. II-L)*,

Deconstrate that the bearing surfaces can be separated after
bearing contact.

Deronstrate the sink rate after loss of pressure to the air spring.

Deronstrate that ths piston can be raiscd from the park position
thres inches to the operate position. (Raf, Para. II-C)*,

Dermonstrate the sink rate of the piston asserdly uhci flov 1s
interrupted to the capillary seal.

Determine th2 misalignrent of ths horizontal hydrostatic bearing
surfaces dus to eccentric losding. (Ref. Para. II-B)%,

Determine ths total effective moving mass of ths supp&rt systenm.
(Ref. Para. II-F)®, :

Deterndns if any cou:ponents' have natural frequencies below 20 cpse:
(mf. Para. II-B)’.

Doternmins the air spring rate. (Ref. Para. II-D)*,

Measure the viscous darping charactoristice of the hydroatatie
bearing system. (Ref. II-G)*,

#*  paragraph Iurber - Exhibit A, Scope of Work, Contract IIAS 8-11903

CODE IDENT NO. [S1ZE
38597 A 88A4100403
CHG
SCALE SHE : AGE 5.0

E- 18 (4-68)




- s e ey e 7, L DR

2.0 -
2.1

2.2

3.0

3.1
3.1.1

3.2
3.2

3.2.2

SYSTEN ASSEMBLY, -

Assemble two hydrodynamic supports (£3A%100410, 88a4100%05-00s,
~011-013 and assembling bolts?: into the head-to-head test 3tand
as shown on Dwg. No. 88A4100402,

Counect the hydraulic and pncuratic system to the test stand
asserbly as shown on Dug. Fo. 88A%100402, Sheet 7.

Connect the electrical control system to the test stand assembly
as shown on Dwg. Fo. 8844100903,

Ths supply lines fecding the bearings and the capillary seal shall
be sized to approxirate the longest test site line Tuns on the
botton. piston asserdly and the shortest test site line runs on
the top piston assembly. .

The test site purning system will de used to supply oil to the
piston asserbly installed in tha head -to-head test stand,

DESIGN ASSURANCE TESTS. -

M2asurerants to be recorded in Section 3.0 are listed in Table 3
and the woasurerant positions are shown in Fig. 1.

i’is‘!':on - Cylinder C2p Test, -

To determine the piston - cylinder &3p across the capillary seal
the flow and pressure will be rrasured and corpared to ths flow
and pressure at the calculated gap. Tais t65% will be run at 6
bearing loads of .19 x 10° pounds, .4k x 10% pounds, 1.0 x 10
pounds end 1.8 x 100 pounds and an air spring rate at the mximum,
The capillary seal length will be set to 4, 6 and 8 inches,

A justrent of Flow Control Valves, -

To adjust the ring bearing flow control valves all valves will bve
set to their calculated opcrating values and the bearing pressures
and gaps will be rrasured and recorded. Adjustm2nt to the valves
will b2 rade until th2 piston 1s centered in $he cylinder. Thi
test will va run6at bearing loads of .10 x 10° pounds, 4% x 10
pounds, 1,0 x 10 pounds, and 1.8 x 10 pounds and an air spring
rate set at the maximum,

All sphordical and flat bearings will be adjusted to their calculated
operating values and bearing pressures and gaps roasured and re-
cordcd. AdJustrcents to the valves will be zide if tho spherical
and flat bearings are not parallel. This test will be run a
bearing lozds of .106:: 106 pounds, .4% x 10° pounds, 1.0 x 1

pounds, and 1.8 x 10° pounds and an air spring rate set at the

mximum,
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3.3
3.3.1

3."‘

. 3‘k‘1

3.5
3.5.1

3.5.2

3.6
3.6.1

BEARING REDUNDANCY TEST, -

To demonstrate bearing redundancy, one flow control valve vwill be
closed to the spherical bearing ani bearirg pressures and gaps
measured and regorded. Bearings shall not contact vhen one

flow control valve is closed. This test will be repeated on the
flat bearing, the upper ring bearings and the lover rgng bearings.
These tests will be run at a bearing load of 1.8 x 10° pounds.

Bearing Separation.-

To demonstrate that the bearing surfaces caun be separated after
bearing contact, flow will be throttled to the spherical and flat
bearings until contact is established, then full flow, will be.re-
established. Bearing pressures arl gaps should retura to normal
when the flow does. This test will be run at a bearing load of
1.8 x 106 pounds.

Air Spring Pressure Loss Test.-

To demonstrate the sink rate the zir spring gas pressure will be
blad from the piston through a nitrogen vgnt valve. This test
will be run at a bearing load of .8 x 10° pounds and the air
spring rate will be set at the minigum.

During this test the float in the lower piston assembly will sink,
then the floating procedure will be demonstrated.

OPERATING RANGE TEST.~

To demonstrate the operating range the piston will be moved from
the park to operate position under the following conditions:

Similated Missile

Weight (1bs.) Lover Piston
per Support Air Spring Rate
.10 x 106 Minimum
.10 x 106 Maxioum
.,hﬁ x 106 Minimun
14 x 106 ' Maximum
1.8 x 106 Minicum
1.8 x 106 Maxizum
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3.7
3.71

3.8
3.8.1

3.9
3.9.1
h.0
L3S

Piston Asserbly Sink Rate Test, «

To demonstrate the sink rate of the piston assexdly ths flow will
be interrupted to the capillary scal and the time required for the
piston to drop to the park position recorded with simulated
missile weights of .10 x 10° pounds and 1.8 x 10° pounds. The
spring rate vill be set at the minimum value during this test.

Eccentric lozding Teats, -

To determine the nisalignrent of ths horizontal bearing surfaces
ths lens and flat bearing asserdly will be moved fronm tha center
position in four inercrants until thae center line of the bearing
ascerdly 1s 4 iunches off center. The bearing locd during this
test will be 1.8 x 10° pounds. Misaligneent will be moasured

optiqally-.
Effcctive Moving Mass

The total effective woving mass will be dotermiced analytically.
'VIERATION SURVEY, -

To satisfy the requirement that all corponents have natural
frequzncics above 20 cps, a vibration survey of ths hydrostatis
bearing scts will be conducted. Two shakers (each ratcd at 650 1b.)
will be used to excite tho systen at one location in tha lateral
dircetlon and on3 location in tha vortical dircction, Thase
locations ars indicatcd in Fig. 1. Tho excitations will be con-
ductcd fron 5 to 20 cps. If there is any irdication of resonances
near 20 cpa the rangce will be extended. Th2 bearing load for the
lateral excitations will be 1.8 x 100 pounds apl for the vertical
excitations ths boaring lczd will ba O.4% x 10° pounds. The

- minirun spring rate will be uscd with both bearing loads.

Thz dynarte response and porforrance of the systen will be
ronitored at key lecations during cach run. Tas following
tables 1list tha paracaters to b3 roagurcd during each of the
two tests. Ths rw2asurencnd positions are indicated in Fig. 1.
In cddition to those roasurcrands portable instru—cniation will
bs available to investigate any cbserved rcesonances,
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TABLE 1

Test No. 1, Vertical Direction; Frequency Excitation Range: -20 cps

Test Conditions:

Run No. 1
Amplitude (g's) <€0.25
Shaker Output Force - X
Bearing Lecad (10° pounds) 0.4%

Minimum Spring Rate
The following items will be recorded during each run:
Dynamic Response o
1. Acceleration (vertical)

Upper piston

Iower piston

Upper cylinder

lover cylinder

Upper lens bearing
Lowar lens bearing
Uoper spherical bearing
Lovwer spherical bearing

2. Displacement

Upper piston gvertical.)
Lovwer piston (vertical)

Upper lens bearing ilateral
Lower lens bearing (lateral

System Performance

Hydraulic oil flowvs

Hydraulic oil temperatures
Air spring gas temperature
Hydrostatic bearing gaps (in.)
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TABLE 2
Test No. 2; Lateral Direction; Frequency Excitation Range: 5-20 cps

Test Conditions:

Run No. . ¢
Amplitude (g's) {o.25
Shaker output foyce X
Bearing load (10° pounds) 1.8

Minimum spring rate

The following items will dbe recorded during each runsg
Dynanic Response
1. Acceleration (lateral)
|

Lover piston
Lower cylinder

Lower lens bYvearing
Lower spherical bearing -

2. Displacement

Upper lens bearing §1atera1
Lower lens bearing (lateral

System Performance .

Hydraulie cil flows

Hydraulic oil temperature

Air spring gas temperature
Hydrostatic bearing gaps (in.)
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5.0
5.1

5.2

5.2.1

DAMPINGs -
Lateral Damping

Drawing No. 8844100402 depicts a way to produce a vibrating system

in the lateral direction. A mechanical device will be used teo
displace the systen and then a quick release mechanism will release
the system. The decay characteristics of a 1 and 5 cps free
oscillating system will be used to determine the total amgunt of
danping with the bearing loads of 1.8 x 108 and 0.44 x 10° pounds.

Vertical Damping and Stiffness, -

The moving mass in the head-to-head test (approximately 30,000 1b,
weight) is much less thap the nmoving mass in the Saturn test
(approxinately 0.44 x 10° or 1.8 x 106 pounds weight per support),
therefore, even though the bearing loads and spring rates may be
equal for the two tests, the free oscillation frequencies for the
head-to-head tesé will be different than the free oscillation
frequencies of the Saturn test.

The measured static piston characteristics and measured damping at
and off resonance will be used to verify analytical predictions of
systen stability and to cstablish compliance with the maximum
allowed damping specification.

The frequency effect on spring rate will be determined by comparison

of the static stiffness to the dynamic stiffness at .the resonant
frequency in the head-to-head test.

Static Piston Characteristics. -

The static piston characteristics for each of the two pistons will
be obtained by neasuring the following: '

1, Piston displacement vs., piston load.
2, Float displacenent vs., piston load.

The measurenents will be nade with bearing loads of 1.8 x 100 and
0.44 x 108 pounds at the nminicum spring rate and at a capillary
seal length of 6 inches for at least two input flow gains, Addi-
tional tests will be made as required to establish confidence in
theoretical expectations to determine the effect of other spring
rates, capillary seal lengths, and isothernmic expansion of the
gas spring.
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5.2.2

5¢2.3

Vertical Dawping

Vertical darping at ogeaonanco vill measured with bearing loads of
1.8 x 109, 0.4 x 105, and 0.1 x 10% pounds at minimum and double the
pinimun spring rate.

Vertical damping off resonance will be measured with minimum pring
rate at 1.0, 0.5, and 0.1 cps with bearing loags of 0.4k x 10° amd

0.1 x 10° pounds, and at 0.1 cps with 1.8 x 10° pounds bearing

load., Excitation will be obtaincd through quick release after
displacer2nt or by using two C-5 shakers (cach rated at 650pounds)

for all vertical darping tests with one excepﬁons The uppar piston
will b used for 0.1 cp3 cxcitation with 1.8 x 10° pounds bearing load.

DParning values will be deternincd cither by using tha decay character-
igtics of freca oscillatione or by m:sasuring the phase angle between the
displacecent and input force.

Dynanic Spring Rats, -

Tha dynarie spring rate can be obtaincd using the measured valus of
daroing at the resonant froquency and the mcasured weight of the
woving mass.
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6.0
6.1

7.0
1.1
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INSTRUMENTATION ACCURACY. -

Instrumentation required for testing shall be within the following
tolerances of measurement:

° Instrument :

M=asurement Overall

Mzasurenent ' Accuracy Tolarance
Temperature + 2.0% + 2.0%
Pressure + .5% + 3.0%
Flov + 1.0% +1.0%
Hydrostatic Bearing Gap + 2.0% ¥ 5.0%
Change in Angle + 5.0% + 5.0%
Position . + 1.0% + 3.0%
Displacement + .2 to+1.0% + 3.0%
Velocity .+ 3.0% + 5.0%
Acceleration + 1.0% + 3.0%
Frequency + 1.0% + 3.0%

PHOTOGRAPHIC DOCWMENTATIOR. -

A sufficient number of still photograrhs shall be taken ﬁo present
the general assembly of the head-to-head test stand and any items
of special interest.

Motion pictures shall be taken of significant aspects of the operation
¢f the test stand.

TEST PROCEDURE AND REPORT. -

LN

A detailed test procedure shall be written for performance of the
testing and a test report shall be prepared containing pertinent
test data, results and conclusions. Included in the test report

shall be the photographic documentation of Paragraph J3.0.

PO
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TABLE 3
Quantity
011 Flow into Capillary Seal (upper and lower .2
piston assembly
011 Flow through Adjustable Capillary (upper 2
and lower piston assembly) .
Spherical bearing pressure b §
lower piston assenmbly)
Flat bearing pressure b §
(lower piston assembly)
per ring bearing pressure 2
lower piston assembly only)
Lower ring bearing pressure 6
(lower piston assembly only)
Capillary seal pressure 2
(upper and lower piston assembly)
Inlet o1l temperature b
Outlet oil temperature 1
Piston air chamber temperature 1
(Lower piston assembly only)
B{drostatic bearing gap at the spherical bearing 2
lower piston assembly only)
H{droatatic btearing gap at the flat bearing 2
lower piston asscrbly only)
K{drostatic bearing gap at ring bearing 2
lower piston assecdly only)
Piston position indicator 2
Float position indicator 2
CODE IDENT NO. J[STZE
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INSTRUMENTAT ION LOCAT ION

1.
2,
3.

5.

MEASUREMENTS

BEARING GAPS (C) 8 PLACES
ACCELERATIONS (A) 8 PLACES
PRESSURES (P) 12 PLACES

DISPLACEMENTS (D) & PLACES

FORCE (F) & PLACES
FLOW INDICATORS (FI) M PLACES

<V

Behr s FIGURE 1
1 T
| SIDE VIEW l 88Auoouo3 Page 15.0



